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ABSTRACT  
   
Hydrogenases, the enzymes that reversibly convert protons and electrons 
to hydrogen (
€ 
2 H+ + 2 e-↔H2), are used in all three domains of life. 
[NiFe]-hydrogenases are considered best suited for biotechnological applications 
because of their reversible inactivation with O2. Phylogenetically, there are four 
groups of [NiFe]-hydrogenases.  The best characterized group, “uptake” 
hydrogenases, are membrane-bound and catalyze H2 oxidation in vivo. In contrast, 
the group 3 [NiFe]-hydrogenases are heteromultimeric, bifunctional enzymes that 
fulfill various cellular roles.  In this dissertation, protein film electrochemistry 
(PFE) is used to characterize the catalytic properties of two group 3 [NiFe]-
hydrogenases: HoxEFUYH from Synechocystsis sp. PCC 6803 and SHI from 
Pyrococcus furiosus. 
First, HoxEFUYH is shown to be biased towards H2 production. Upon 
exposure to O2, HoxEFUYH inactivates to two states, both of which can be 
reactivated on the timescale of seconds.  Second, we show that PfSHI is the first 
example of an O2-tolerant [NiFe]-hydrogenase that produces two inactive states 
upon exposure to O2.  Both inactive states are analogous to those characterized for 
HoxEFUYH, but O2 exposed PfSHI produces a greater fraction that reactivates at 
high potentials, enabling H2 oxidation in the presence of O2.  Third, it is shown 
that removing the NAD(P)-reducing subunits from PfSHI leads to a decrease in 
bias towards H2 oxidation and renders the enzyme oxygen sensitive. Both traits 
are likely due to impaired intramolecular electron transfer. Mechanistic 
hypotheseses for these functional differences are considered. 
ii 
DEDICATION 
First, I want to dedicate this work to my mother and father.  On one hand, 
without their presence I would not be here today because I would not exist.  So I 
want to thank them for making me.  Given that I do exist, both my parents have 
been so instrumental in my development.  To my mother, who instilled in me the 
importance of education and provided me with the books I wanted regardless of 
our financial situation, and who stands behind every headstrong move I make in 
my life, I thank you.  And to my father, who always reluctantly ceded the kitchen 
table when I had homework, I know you would be proud.       
Second, I want to dedicate this to my high school Physiology teacher Mr. 
Moran.  Although you intimidated every student you faced, and even made me 
cry once due to my inappropriate use of the word ‘dude’, I developed a deep 
appreciation for the beauty of science in your class, and would not be where I am 
today if it were not for the that experience.      
Third, I want to dedicate this to the second family I have made here in 
Arizona.  It only took five years for you to finally like me, but I would like to 
thank you all for being so supportive throughout this experience, for meeting me 
for happy hour, accompanying me across the southwest United States (and 
beyond), and most important of all, playing rugby.  Without my friends, I would 
be a horrible mutant of a person, and so I thank you for keeping me sane and still 
in the possession of some social skills.       
 
iii 
ACKNOWLEDGMENTS 
Funding: I would like to acknowledge the Science Foundation of Arizona for a 
Graduate Student Fellowship, the DOE funded Center for Bio-Inspired Solar Fuel 
Production, and the Department of Chemistry and Biochemistry at Arizona State 
University for partial financial support of the research described in this thesis. 
 
Collaborations: First, I need to acknowledge to Frauke Germer and Jens Appel at 
Universität Kiel for their overexpression and purification of HoxEFUYH.  
Second, I would like to also acknowledge Chris Hopkins and the rest of Mike 
Adam’s lab at the University of Georgia for PfSHI.  Thanks for putting up with 
my unusual buffer requests and introducing me to such an awesome enzyme and 
organism. 
 
Support: Finally, I would like to acknowledge my advisor, Prof. Anne K. Jones, 
for all of the time and effort you put into me these past few years.  This would 
have taken many more years if not for your guiding presence, and I thank you for 
giving me the opportunity and such a fantastic project with which to work.   I also 
appreciate the help and guidance of my graduate committee members Prof. 
Giovanna Ghirlanda and Prof. Dan Buttry.  Not to be forgotten, I must 
acknowledge the many past and present colleagues I have had the chance of 
working with in the lab, including Arnab Dutta, Nicholas Teodori, Souvik Roy, 
Patrick Kwan, Dr. Idan Ashur, and so many more.  Nick, thanks for your donut 
obsession and your knack for finding great places for lunch.  Arnab, thanks for 
iv 
being a labmate, a roommate, and walking inorganic chemistry textbook.  You all 
will be missed. 
 
v 
TABLE OF CONTENTS  
          Page 
LIST OF TABLES ....................................................................................................vii  
LIST OF FIGURES..................................................................................................viii  
CHAPTER 
1    INTRODUCTION: A PRIMER ON HYDROGENASES, PROTEIN FILM 
ELECTROCHEMISTRY, AND AN OVERVIEW OF THIS DISSERTATION ...  1  
Introduction.........................................................................................2 
Hydrogenases: A primer.....................................................................3  
Protein film electrochemistry .............................................................9 
The overview and goals of this dissertation.....................................18 
References.........................................................................................29 
2    THE [NIFE]-HYDROGENASE OF THE CYANOBACTERIUM 
SYNECHOCYSTIS SP. PCC 6803 IS WORKING BIDIRECTIONALLY WITH A 
BIAS TO H2 PRODUCTION.................................................................................. 41  
Abstract.............................................................................................42 
Introduction.......................................................................................43  
Materials and Methods .....................................................................48 
Results...............................................................................................50 
Discussion.........................................................................................62 
References.........................................................................................87  
3    A NEW TYPE OF OXYGEN-TOLERANT [NIFE]-HYDROGENASE........  96  
Abstract.............................................................................................97 
vi 
CHAPTER Page 
Introduction.......................................................................................97 
Materials and Methods ...................................................................101 
Results.............................................................................................104  
Discussion.......................................................................................107 
References.......................................................................................116 
4    INSIGHTS INTO CATALYSIS AND OXYGEN-TOLERANCE: 
INVESTIGATION OF THE HYDROGENASE SUBCOMPLEX OF THE 
SOLUBLE HYDROGENASE I (SHI) FROM PYROCOCCUS FURIOSUS......  121 
Abstract...........................................................................................122 
Introduction.....................................................................................122  
Materials and Methods ...................................................................127 
Results.............................................................................................128 
Discussion.......................................................................................134 
References.......................................................................................151 
5    CONCLUSIONS.............................................................................................. 155   
REFERENCES ......................................................................................................  158 
APPENDIX A .......................................................................................................  179 
APPENDIX B .......................................................................................................  181 
BIOGRAPHICAL SKETCH ................................................................................ 182  
vii 
LIST OF TABLES 
Table Page 
1-1      Hydrogenases for which direct electrochemistry has been observed 21 
2-1      Normalized and hypothetically extracted proton reduction currents as 
a function of pH ................................................................................ 78 
2-2       Normalized and hypothetically extracted hydrogen oxidation currents 
as a function of pH ...........................................................................  78 
4-1       Comparison of catalytic currents obtained via cyclic voltammetry 
from PfSHI and PfSHIH2ase at three different pH values ................ 147 
4-2       Comparison of oxidative current as a fraction of reductive current for 
PfSHI and PfSHIH2ase and the maximal currents ............................ 147   
viii 
LIST OF FIGURES 
Figure Page 
1-1       Representative structures of hydrogenases ......................................  22 
1-2       Schematic overview of the spectroscopically identified redox 
intermediates in [NiFe]-hydrogenases .............................................  23 
1-3       Schematic diagram of a general PFE experiment ............................ 24 
1-4       Non-catalytic cyclic voltammetry for adsorbed redox proteins ......  25 
1-5       Ideal voltammograms for non-catalytic experiments, oxidative 
catalysis and reductive catalysis ....................................................... 26 
1-6       Processes affecting the current response for an adsorbed redox 
enzyme .............................................................................................. 27 
1-7       Waveform and idealized repsonse for a typical chronoamperometry 
experiment used in this thesis ........................................................... 28 
2-1       Cartoon of the subunit composition of the heteropentameric 
HoxEFUYH ...................................................................................... 74 
2-2       Proton reduction catalysis for HoxEFUYH .....................................  75 
2-3       Hydrogen oxidation catalysis for HoxEFUYH ................................ 76 
2-4       Comparison of the electrocatalytic currents obtained for hydrogen 
oxidation and proton reduction by HoxEFUYH .............................. 77 
2-5       Potential step experiment showing the effect of oxygen on hydrogen 
oxidation activity and timescale of enzymatic recovery after a jump to 
negative potentials ............................................................................  79 
 
ix 
Figure Page 
2-6       Chronoamperometric trace of oxygen diffusion from the 
electrochemical cell ..........................................................................  80 
2-7       Chronoamperometry without oxygen injection ............................... 81 
2-8       Chronoamperometric trace mimicking the oxygen inactivation 
experiments ....................................................................................... 82 
2-9       Fraction of enzyme reductively reactivated after oxgyen inhibition as 
a function of potential .......................................................................  83 
2-10     Chronoamperometry experiments probing anaerobic oxidative 
inactivation ....................................................................................... 84 
2-11      Detection of a second oxidized inactive state after oxgyen 
inactivation via cyclic voltammetry ................................................. 85 
2-12      Demonstration of the ability of HoxEFUYH to produce hydrogen in 
the presence of 1% oxgyen ............................................................... 86 
3-1       Sequence alignment of the proximal [FeS]-cluster binding regions of 
the small subunits of various [NiFe]-hydrogenases ....................... 111 
3-2       Cyclic voltammograms demonstrating electrocatalysis by PfSHI 
adsorbed at a PGE electrode ........................................................... 112 
3-3       Chronoamperometric trace demonstrating hydrogen oxidation by 
PfSHI in the presence of oxgyen .................................................... 113 
3-4       Electrochemical evidence that a low potential reactivating state forms 
by the reaction of PfSHI with oxygen ............................................ 114 
 
x 
Figure Page 
3-5       Schematic depiction of the subunit composition of the 
heterotetrameric PfSHI ...................................................................  115 
4-1       Illustration of the subunits of the hydrogenase subcomplex from 
PfSHI .............................................................................................. 144 
4-2       Cyclic voltammograms of PfSHIH2ase immobilized on PGE at various 
pH values in an atmosphere of 5% H2 in N2 ..................................  145 
4-3       Cyclic voltammograms illustrating the difference in activities for 
PfSHIH2ase versus PfSHI uner 5% H2 at different pH values ......... 146 
4-4       Cyclic voltammograms comparing currents obtained for PfSHI and 
PfSHIH2ase under 1 atm H2 and 1 atm Ar at pH 8.0 ........................ 148 
4-5       Potential step experiment showing the effect of oxygen on hydrogen 
oxidation activity for PfSHIH2ase and the timescale of reactivation 
after a jump to reducing potentials ................................................. 149 
4-6       Fraction of PfSHIH2ase hydrogen oxidation activity restored as a 
function of reductive reactivation potential after inactivation by 
exposure to oxygen ......................................................................... 150    
 
1 
Chapter 1 
 
Introduction: A Primer on Hydrogenases, Protein Film Electrochemistry (PFE), 
and Overview of This Dissertation 
 
 
 
Chelsea L. McIntosh§ and Anne K. Jones§∞ 
 
 
§Department of Chemistry and Biochemistry and ∞Center for Bio-Inspired Solar 
Fuel Production, Arizona State University, Tempe, AZ 85287  
Reproduced in part from: 
 Bioelectrocatalysis of hydrogen oxidation and production.  In Enzymatic fuel 
cells: From fundamentals to applications.  Edited by H. Luckarift, G. Johnson and 
P. Attanasov. (Submitted)   
 
 
 
 
 
 
 
 
 
2 
Introduction 
Hydrogen is both an important energy storage molecule in the context of 
the human economy and an essential chemical in the metabolism of many 
prokaryotes and eukaryotes. Some microorganisms, like knallgas bacteria, utilize 
hydrogen as a fuel to power metabolism; others, such as many fermentative 
bacteria, utilize protons as a terminal electron acceptor (producing hydrogen gas) 
to dispose of excess reducing equivalents and recycle cellular redox carriers.1,2 As 
the consequences of long-term fossil fuel exploitation become more apparent and 
urgent, development of technologies to exploit hydrogen, an energy rich, carbon-
neutral fuel, in the human energy economy has become more urgent.3-5 Both 
production and oxidation of hydrogen require efficient catalysts, and the current 
industry standards are based primarily on platinum or palladium.6,7 Hydrogenases 
are the enzymes, biocatalysts, which catalyze the reversible interconversion of 
hydrogen to protons and electrons (
€ 
2 H+ + 2 e-↔H2).  They are extremely 
efficient catalysts that can operate with turnover numbers in excess of 1000 s-1 at 
low electrochemical overpotentials using an organometallic active site based only 
the abundant metals iron or nickel and iron.8,9 As illustrated by Table 1, a number 
of hydrogenases have been immobilized at electrode surfaces and their 
electrocatalytic properties investigated both to understand the fundamental 
mechanisms of these enzymes and to optimize either fuel production or power 
output in a hydrogen fuel cell.  In this chapter, we will discuss the basic 
enzymology of hydrogenases, the principles behind the technique protein film 
3 
electrochemistry, and present brief examples of their use in biotechnological 
applications, highlighting both the advantages and limitations of their application.  
 
Hydrogenases: a primer 
Three types of hydrogenases, defined by the metal content and structure of 
the hydrogen-activating (or producing) active site, have been discovered in 
nature: [NiFe]-, [FeFe], and [Fe]-hydrogenases, and their structures are shown in 
Figure 1. Both the [NiFe]- and [FeFe]- hydrogenases consist of a bimetallic active 
site at which the reaction with hydrogen (or protons) is catalyzed and a series of 
[FeS] clusters linking the buried active site to the protein surface to allow fast 
exchange of electrons with the physiological electron transfer partner.10-23 The 
[NiFe] active site consists of a redox active nickel ion coordinated by four 
cysteine thiolates, two of which also bridge to a low spin iron (II) ion. The 
remainder of the first coordination sphere of the iron is comprised of three 
diatomic ligands: two cyanides and a carbon monoxide.24-27 The active site of the 
[FeFe]-hydrogenase, commonly referred to as the H-cluster, is a unique six iron 
assembly consisting of a [4Fe4S] cluster bridged via a cysteine thiolate to a diiron 
subsite. The diiron site is coordinated by a combination of five diatomic CN- and 
CO ligands as well as a bridging, nonproteinaceous, dithiolate ligand. The iron 
adjacent to the cubane, like the iron in [NiFe]-hydrogenases, is thought to be a 
low spin Fe(II) ion, and the iron distal to the cubane is believed to be the site of 
catalysis.28-33 The [Fe]-hydrogenase, sometimes referred to as the H2-forming 
methylenetetrahydromethanopterin, has been found only in some 
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hydrogenotrophic methanogenic archaea and is structurally distinct from the other 
two groups in that it possesses a mononuclear active site and no [FeS] clusters.34 It 
is also functionally distinct from the other groups of hydrogenases in the 
requirement for a redox-active partner, methylene-tetrahydromethanopterin, to 
produce hydrogen gas from protons. However, despite the initial differences, 
there are also striking similarities between the [Fe]-hydrogenases and the 
bimetallic enzymes. The mononuclear iron center is coordinated by two CO 
ligands,35,36  one sulfur and one or two N/O ligands, and Mössbauer spectroscopy 
has shown that it is a low spin center in either the Fe(0) or Fe(II) oxidation state.37 
It is remarkable that all three hydrogenases feature organometallic active sites 
with intrinsic diatomic ligands, some combination of CO and CN-, in the first 
coordination sphere, ligands that are otherwise unprecedented in biology. Since 
the three types of hydrogenases are not evolutionarily related, it suggests that 
these ligands play a mechanistic role that is essential for hydrogen activation 
under biological conditions: aqueous solution, circumneutral pH and temperatures 
below 100 ºC. We will return to this idea later when considering small molecule 
electrocatalysts for hydrogen production/ utilization. For the rest of this chapter, 
we will consider only the [NiFe]- and [FeFe]-hydrogenases since they have been 
demonstrated to be active in electrocatalytic applications. 
Although hydrogenases are well distributed throughout anaerobic or 
facultatively anaerobic microbes and several different hydrogenases are often 
present in a single species, a single organism does not usually possess both 
[NiFe]- and [FeFe]- hydrogenases. [FeFe]-hydrogenases have been found in 
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eubacteria and algae, and, traditionally, have been thought of as “hydrogen-
production” enzymes.38 [NiFe]-hydrogenases, on the other hand, are found in 
eubacteria, including cyanobacteria, and archaea, but they have not yet been 
detected in eukaryotes. Although they have historically been described as 
“hydrogen uptake” enzymes, meaning that turnover numbers for hydrogen 
oxidation are better than for proton reduction, as Chapter 2 demonstrates, 
examples to the contrary are starting to emerge.39 This suggests that the bias of the 
[NiFe]-hydrogenases may, to some extent, be tunable and matched to the specific 
physiological role played in each particular organism.  
At the quaternary structural level, hydrogenases can also be extremely 
diverse, and this variation can be both advantageous and challenging when 
considering applications in electrocatalysis. [FeFe]-hydrogenases are generally 
smaller than [NiFe]-hydrogenases, and algal [FeFe]-hydrogenases are among the 
smallest. These approximately 48 kDa proteins consist of a single monomeric 
protein housing only the H-cluster.40,41 Bacterial [FeFe]-hydrogenases, such as 
those from Clostridium pasteurianum and Desulfovibrio desulfuricans, possess an 
additional N-terminal ferredoxin-like domain that coordinates a variable, 
depending on species, number of [FeS] clusters believed to be essential for 
transferring electrons between the active site and the physiological redox partner 
in vivo or a redox dye or electrode in vitro.22 [NiFe]-hydrogenases tend to have 
more diverse subunit and cofactor composition reflecting the wider range of 
physiological roles they can play. Phylogenetically, [NiFe]-hydrogenases have 
been divided into four distinct groups: membrane-bound uptake hydrogenases, 
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H2-sensing hydrogenases, bidirectional heteromultimeric cytoplasmic 
hydrogenases (the subject of this dissertation), and hydrogen-evolving, energy-
conserving, membrane-associated hydrogenases.2 Although additional subunits 
may be present, the hydrogenase subcomplex of each of these enzymes consists of 
a heterodimer, and even though this topic has not been thoroughly explored, there 
are preliminary studies indicating that an active-site containing subunit alone may 
not be sufficient for catalytic activity.42  The large subunit, a protein of 
approximately 60 kDa, coordinates the [NiFe] active site. The primary sequence 
of this protein is relatively highly conserved among all types of [NiFe]-
hydrogenases. The small subunit is an approximately 30 kDa protein that contains 
one or more [FeS] clusters electronically connecting the active site to the protein 
surface.10 The number and composition of [FeS] clusters in the small subunit is 
highly variable, and has been hypothesized to be an important determinant of 
catalytic properties.43 In this regard, it is interesting to note that the membrane-
bound uptake enzymes usually possess a chain of three [FeS] clusters in the small 
subunit. Although the chain is flanked by [4Fe4S] clusters on both ends, the 
medial cluster is a [3Fe4S]. This cluster is remarkable for its higher reduction 
potential, -30 mV compared to circa -300 mV vs. SHE for the [4Fe4S] clusters, 
and might be expected to be a barrier to fast electron transfer through the 
protein.44-47 On the other hand, as shown in Chapters 2 and 3, the group 3 soluble 
[NiFe]-hydrogenases are thought to be less dramatically biased toward hydrogen 
oxidation than their uptake cousins and do not possess a [3Fe4S] cluster in their 
small subunit.39,48,49 
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Although hydrogenases might appear to be ideal catalysts for biofuel cell 
applications, their technological utilization has been hindered by their sensitivity 
to oxygen. Molecular oxygen is an effective inhibitor because, like the substrate 
hydrogen, it can serve as a π-accepting ligand to low valent organometallic sites 
like the hydrogenase active sites.50 [FeFe]-hydrogenases are irreversibly 
inactivated upon binding oxygen to the active site, and it has been suggested that 
it is the [4Fe4S] cluster portion of the active site that is irreparably destroyed.51 
[NiFe]-hydrogenases, on the other hand, are reversibly inactivated by both aerobic 
and anaerobic but oxidizing conditions.52-55 However, as shown in Figure 2, a 
complicated array of states are produced by changes in redox potential. The 
distinct states of the [NiFe]-hydrogenase active site have been characterized using 
primarily [FTIR] and EPR spectroscopies, and the kinetics of the reactivation of 
inactive states have been evaluated using both solution assays and protein film 
electrochemistry.27,56-58 Under anaerobic but oxidizing conditions, the so-called 
“standard” [NiFe]-hydrogenases, those membrane-bound uptake hydrogenases 
(MBHs) of the first phylogenetic group that are sensitive to oxygen, are slowly 
inactivated by the Ni-B or “ready” state. This state is characterized not only by a 
distinct Ni-based EPR signal, but also by its ability to be reactivated in seconds to 
minutes upon a return to reducing conditions. In the presence of oxygen, these 
[NiFe]-hydrogenases are nearly instantaneously deactivated to both the Ni-B state 
and the Ni-A or “unready” state: a state characterized by the requirement for 
prolonged incubation at reducing potentials, i.e. minutes to hours, to regain 
catalytic activity. It is formation of Ni-A that makes practical utilization of these 
8 
enzymes problematic. However, there exists a subgroup of uptake [NiFe]-
hydrogenases, the so-called oxygen-tolerant enzymes that can maintain some 
hydrogen oxidation activity for extended periods of time in the presence of 
oxygen. This group includes the relatively well-characterized enzymes from 
Ralstonia eutropha,53,59 Aquifex aeolicus,60,61 and Escherichia coli.62,63 As shown in 
Figure 2, these enzymes are believed to maintain some activity in the presence of 
oxygen by inactivating to a single state: the Ni-B state. Thus, although they are 
slowly converted to Ni-B at high potentials, because Ni-B can also be quickly 
reactivated at high potentials, a fraction of the enzyme remains active in aerobic 
conditions. In short, oxygen-tolerance appears to be achieved by preventing 
formation of Ni-A. Two recent crystal structures of oxygen-tolerant [NiFe]-
hydrogenases demonstrated the presence of a [4Fe3S] cluster in the small subunit 
immediately adjacent to the [NiFe] site, and it has been hypothesized that this 
unprecedented cluster is responsible for the oxygen tolerance.63-66 In this line of 
argument, resistance to formation of Ni-A is thought to be a result of the ability to 
reduce the attacking oxygen completely with four electrons thus preventing 
formation of any blocking species.  
The soluble bidirectional [NiFe]-hydrogenases of group three (SHs) 
couple hydrogen oxidation/production with reduction/oxidation of NAD(P) and 
have thus garnered attention not only as hydrogenases but as electrocatalysts for 
recycling of NAD(P).67-69  In the second context, they could be used as a 
diaphorase in concert with other NAD(P)-dependent oxidoreductases in biofuel 
cell applications.70 However, until this work, few SHs had been electrochemically 
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characterized, and their reactions with oxygen have still not been completely 
characterized.  As shown in Figure 2, the inactive states are different from those 
of both the oxygen-senstive and the oxygen-tolerant MBHs. Although only a 
single inactive state was detected via FTIR spectroscopy for the SHs from 
Synechocystis sp. PCC6803 and Ralstonia eutropha,71,72 and we show two distinct 
inactive states for SH from Synechocystis (CHAPTER 2) using protein film 
electrochemistry (PFE).  Two inactive oxidized states were also reported for the 
hydrogenase subdimer of the second enzyme. Perhaps surprisingly, neither 
enzyme was an oxygen-tolerant electrocatalyst, but none of the inactive states was 
a classical “unready” one either.39 Thus it is clear that the mechanisms controlling 
oxygen-tolerance of SHs and MBHs must have subtle differences, and elucidating 
these principles may prove essential in the development of [NiFe]-hydrogenases 
as electrocatalysts for either hydrogen production or oxidation.  
 
Protein film electrochemistry 
General description 
As a biophysical technique, protein film electrochemistry (PFE) (formally 
protein film voltammetry) is nearing the half-century mark.  PFE encompasses a 
large host of techniques to investigate and exploit the electrochemical activity of 
redox active proteins and enzymes.  In PFE, a protein is directly adsorbed onto 
electro-active material (an electrode) in a manner that allows for direct electronic 
communication of the species with the material.  Depending on the potential of 
the electrode, which is controlled, electrons move either to or from the active site 
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of the protein based on the reduction potential of the redox center, and this flow of 
electrons is measured as current.  When studying enzymes, if the substrate is 
present in solution, the current directly reports on the rate of the enzyme catalysis.  
PFE has proven extremely powerful in studying redox enzymes, especially large 
complexes that house a number of different redox centers.     
The most common method for determining activity of oxidoreductases is 
through solution-based assays in which enzyme is mixed with its substrate in the 
presence of an electron donor/acceptor (mediator), the redox status of which is 
optically traceable.  During catalysis, both substrate and mediator change 
oxidation state and the altered optical properties of the mediator are used to 
monitor the progress of the reaction.  In contrast to solution-based kinetics, PFE 
offers many benefits for studying redox active enzymes and proteins.  First, 
solution-based assays tend to require significant quantities of purified protein.  On 
the other hand, PFE requires only a few picomoles of sample, and, often, a single 
enzyme film can be electrochemically interrogated under different experimental 
conditions for many hours.  Second, since the enzyme is adsorbed directly to the 
electrode surface, the electrode itself can be transferred between solutions to 
quickly change the experimental conditions.  The gas composition, pH, 
temperature, and pressure can all be exchanged in this manner, which serves as a 
means of “instant dialysis”.  Third, the current-potential curves themselves are 
sometimes extremely complex, and can reveal a number of interesting 
mechanistic features that depend on potential and that are not detectable in 
standard assays, such as potential dependent inactivation/reactivation reactions 
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and boosts in current.73-75  Finally, the excellent temporal resolution of relevant 
chemical reactions reports on kinetic information that could not be obtained by 
other methods.  Recently, numerous reviews have been published regarding the 
use of PFE for redox enzymes and especially in hydrogenase research.76-78  
Herein, we detail PFE only to the extent that it is used in this dissertation, with a 
focus on the principles behind both catalytic cyclic voltammetry and 
chronoamperometry of adsorbed hydrogenases.   
 
Practical considerations 
The general applicability of PFE is limited by the inability to predict a priori 
whether an enzyme will have affinity for a particular electrode surface and adsorb 
in a stable and catalytically active manner.  To overcome this limitation, many 
different electrode materials have been utilized in studies of redox enzymes: 
A. Pyrolytic graphite edge (PGE) electrodes – This surface can be abraded 
with alumina to create a range of oxygenated surface functionalities, 
thought to attract positive patches of protein surfaces.  In some cases, 
positive co-adsorbates such as polymyxin or polylysine have been used 
to facilitate adsorption of negatively charged proteins.  In this work, PGE 
is used exclusively as the sole electrode material.79  
B. Metals (Au, Pt, Hg) functionalized with organic-thiol based 
self-assembled monolayers (SAMs) – the solution facing side of the 
molecule can be functionalized to specifically interact with the protein of 
choice and many thiols are commercially available.80   
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C. Functionalized carbon – both graphite and carbon nanotubes have been 
functionalized with amino groups via the reduction of diazonium salts.  
The resulting material is able to form amide bonds with surface exposed 
carboxylic acid moieties in the presence of a suitable coupling agent.81,82 
D. Metal oxides – recent advances in the synthesis of porous metal oxides 
has made possible simultaneous spectroelectrochemical studies of 
proteins in these high surface area transparent electrodes.83  
 
An illustration of the general cell set-up utilized in all of the experiments in 
this work is presented in Figure 3.  A three-electrode cell is utilized that is open to 
the ambient environment of an anaerobic chamber.  The working electrode was a 
pyrolytic graphite edge (PGE) rotating disk electrode (RDE), the potential of 
which was controlled by a potentiostat relative to a Ag/AgCl reference electrode.  
Current flows between a platinum counter electrode and the working electrode to 
limit current flow through the reference. 
 
Non-catalytic cyclic voltammetry of adsorbed proteins 
Herein, the signals predicted for a reversible, adsorbed protein, or redox 
couple more generally, in a non-catalytic cyclic voltammetry experiment are 
described.  We confine our discussion to a one-electron redox transformation that 
obeys the Nernst equation: 
€ 
E = E 0 + RTnF ln
Γox
Γred
        (1) 
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in which E is the potential, R is the ideal gas constant, T is temperature, F is 
Faraday’s constant, and Γ is the electroactive coverage of the adsorbed species 
with the subscripts indicating quantities in oxidized or reduced form.  For the 
discussion, we will define E0, or the mid-point potential, equal to 0 V.  In direct 
electrochemistry, the protein of interest is adsorbed onto the electrode surface.  
We can assume that all centers are in ideal electronic communication with the 
electrode so that the oxidation state of the protein is directly related to the 
potential imposed by the electrode.  In cyclic voltammetry, the potential of the 
electrode is linearly varied as a function of time, (V/s), as depicted in Figure 4a.  
While continuously varying the potential disturbs the equilibrium of the system, 
the Nernst equation is obeyed at slow scan rates, so that the protein is near 
equilibrium.   
Starting from a fully reduced protein, and moving the potential towards 
oxidizing values, electrons flow from the protein and to the electrode at potentials 
near E0.  This flow of electrons reaches a maximum at the mid-point potential, 
and then drops to zero as the finite amount of protein confined to the electrode 
film is fully oxidized.  A return of the potential to reducing values produces a 
similar response with the direction of electron flow reversed.  The current can be 
described by the following equation: 
€ 
i E 0( ) = F
2νAΓ
RT
exp f E − E 0( )[ ]
1+ exp f E − E 0( )[ ]( )
      (2) 
where ν is the scan rate, A is the electrode area, Γ is the electroactive surface 
coverage of the protein, and f = F/RT.  This ideal current response as a function of 
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potential is depicted in Figure 4b.  In this work, we use the convention that 
positive current represents oxidation of the protein, and negative current 
represents reduction of the protein.  Notice that the cathodic and anodic peaks are 
centered on the midpoint potential of the protein and have no separation.  This is 
one of the most obvious differences between electrochemistry of diffusing and 
adsorbed species and arises from removal of the slow mass transport dependence 
on the redox process.  Another difference between adsorbed and solution 
electrochemistry is that the peak current, ip, is directly proportional to scan rate 
for adsorbed species, in contrast with the square-root dependence on scan rate for 
diffusing species.  The peak current is defined mathematically as:  
        (3) 
The integral of the area under the faradaic peak quantifies the total charge 
transferred and is proportional to the electroactive surface coverage (Γ) of the 
adsorbed species as follows: 
        (4) 
 
Catalytic cyclic voltammetry 
In turning to catalytic voltammetry, we must consider what happens when 
the redox active catalyst is oxidized or reduced by its substrate while connected to 
an unending source or sink of electrons (the electrode).  Moving from oxidizing to 
reducing potentials, as the potential nears the formal potential of the redox couple, 
electrons flow from the electrode to the active site.  In contrast with the non-
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catalytic experiment, they continue on to the substrate as the enzyme catlyzes a 
reductive reaction.  As substrate is reduced to product, it dissociates from the 
active site and is replaced with substrate.  Therefore, instead of the electron flow 
reaching a peak at the mid-point potential of the active site and dropping to zero 
once all centers are reduced, a continuous flow of electrons to substrate occurs.  
Ideally, the current response is sigmoidal with potential according to the 
following equation:  
€ 
i = ilim1+ exp ±ncat f Ecat − E( )[ ]
       (5) 
where the limiting current, ilim, is the maximum catalytic current observed at high 
overpotential.  A comparison of catalytic and non-catalytic CVs for a one-electron 
redox process is presented in Figrue 5.  The limiting current is directly 
proportional to kcat and the surface coverage of the enzyme, as illustrated by 
equation 6:  
€ 
ilim = nFAΓkcat         (6) 
If Γ is known, kcat can be determined.  As explained above, values for enzyme 
surface coverage can be obtained using non-catalytic cyclic voltammetry if 
signals are observable.  Since many oxidoreductases are exquisite catalysts, 
functioning many thousands of times per second, often catalytic activity can be 
detected even if enzyme coverage is insufficient for non-turnover signals (< 1-2 
picomoles of catalyst).  Therefore, it is impossible to determine kcat for many 
enzymes using this method, although lower limits can be estimated assuming 
coverage is just below the threshold for non-catalytic signals.     
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As shown in Figure 6, the activity of the enzyme on the electrode (current) 
is not simply a function of the chemistry at the active site, but also depends on 
intramolecular electron transfer between cofactors within the protein, diffusion of 
substrate from the bulk solution to the electrode, and the interfacial electron 
transfer from the electrode to the enzyme.  The overall catalytic current is often 
modeled as a combination of resistors in series corresponding to each of these 
factors: 
€ 
1
i =
1
iET
+
1
imass
+
1
icat
        (7) 
To ensure that the current is reporting on the inherent catalytic ability of the 
enzyme, the “resistance” of both interfacial electron transfer and mass diffusion of 
substrate must be minimal.   
Experimentally, we guarantee that diffusion of substrate to the electrode as 
well as dispersion of product away from the electrode does not affect current by 
utilizing a rotating disk electrode (RDE).  Rotation of the electrode along its axis 
provides hydrodynamic control of the movement of substrate and product to the 
enzyme, ensuring that the concentration of substrate in the layer around the 
electrode is the same as the bulk solution.  The Levich equation describes the 
current response upon electrode rotation: 
€ 
iω = 0.62nFAD2 / 3ν−1/ 6ω1/ 2C        (8) 
This shows that current is proportional to the square root of the rotation rate (ω), 
where D is the diffusion coefficient of the substrate (small considering protons 
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and hydrogen as substrate), ν is the kinematic viscosity of the solvent, and C is 
the concentration of substrate in solution.  
The second resistance that must be considered in PFE is the rate of 
interfacial electron transfer between the electrode and the enzyme.  These rates 
are frequently described by the Bulter-Volmer equations (eq. 9A and 9B), which 
predict an exponential increase in the rate of electron transfer (kE) with increasing 
driving force.   
      (9A)
 
     (9B) 
Here, k0 is defined as the preexponential exchange constant and is a measure of 
the electronic coupling between the electrode and the enzyme, and α is the 
transfer coefficient (usually 0.5).  Marcus theory reduces to the Butler-Volmer 
model at overpotentials smaller than the reorganization energy (λ).  The constant 
k0 not only includes the electronic coupling between the electrode and the electron 
entry/exit site of the enzyme but also depends on the distance between the 
electrode and the entry/exit point. For large, multi-cofactor enzymes, this 
entry/exit point for electrons is usually assumed to be the most surface exposed 
redox cofactor in the chain.  
In theory, a sigmoidal current response and a limiting current should be 
reached, regardless of the rate of interfacial electron transfer.  In reality, the 
electrochemistry of many redox enzymes is far from ideal, displaying instead 
residual slopes or nearly linear current responses.  This phenomenon can be 
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explained by assuming that the enzyme adsorbs inhomogeneously on the 
electrode surface, thereby producing a distribution of electron tunneling rates 
between the electrode and the electron entry/exit site of the enzyme84. Although 
many enzyme films never reach a true limiting current, the slope of the linear 
current response multiplied by the temperature is directly proportional to ilim (this 
is developed much more extensively in ref. 9).  In many cases, significant 
mechanistic information can also be garnered by the shape of the current 
response, as demonstrated in Ref. 73-75.      
 
Choronamperometry 
Cyclic voltammetry simultaneously probes both the thermodynamics and 
kinetics of redox transitions.  Chronoamperometric experiments can be a more 
effective method to address particular questions.  In chronoamperometric or 
potential-step experiments, the electrode is held at a given potential and the 
current is monitored as a function of time.  An example of a typical 
chronoamperometry experiment in this work is illustrated in Figure 7.  These 
experiments have been especially useful in defining the potential dependence of 
inactivation/reactivation in hydrogenases.  
 
The overview and goals of this dissertation 
This dissertation is divided into three chapters.  Each chapter consists of a 
single PFE investigation that helps to contribute to the central thesis that soluble 
hydrogenases (SHs) vary from membrane-bound hydrogenases (MBHs) due to 
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specific differences in cofactor composition and global tertiary structure. The 
specific goals were to: (1) ascertain the catalytic traits of soluble hydrogenases; 
(2) determine the sensitivity of the soluble hydrogenases to oxygen; (3) 
characterize the oxygen-inactive states; (4) determine whether the catalytic and 
oxygen inactivation traits demonstrated are unique to the specific enzyme or are 
representative of the soluble hydrogenases; and (5) ascertain the effects of the 
NAD(P)-reducing subunits on the soluble hydrogenases. 
To this end, in Chapter 2 (The [NiFe]-hydrogenase of the 
cyanobacterium Synechocystis sp. PCC 6803 is working bidirectionally with a 
bias to H2 production), we investigate the first full soluble [NiFe]-hydrogenase by 
PFE, HoxEFUYH from the cyanobacterium Synechocystis sp. PCC 6803.  We 
characterize both the catalytic bias and sensitivity towards oxygen of the enzyme 
and demonstrate it to be drastically different to its MBH [NiFe]-hydrogenase 
cousins.  Possible structural reasons for these differences are hypothesized.   
In Chapter 3 (A new type of oxygen-tolerant [NiFe]-hydrogenase), we 
investigate a second soluble hydrogenase, SHI from the hyperthermophilic 
archaeon Pyrococcus furiosus, to determine whether the traits of HoxEFUYH are 
unique to HoxEFUYH or characteristic of the soluble hydrogenases.  We 
investigated both the oxygen-tolerance and catalytic bias of SHI for comparison.  
While the catalytic bias of SHI differs from that of HoxEFUYH, the inactive 
states produced upon reaction with oxygen are similar to what was found for 
HoxEFUYH, providing evidence that the cofactor composition of the adjoining 
subunits can result in characteristic traits.  We also demonstrate oxygen-tolerance 
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in the SHs, and show that this tolerance is due to physical features of the enzyme 
that differs from the MBHs.  
In Chapter 4 (Insights into catalysis and oxygen-tolerance: investigation 
of the hydrogenase subcomplex of the soluble hydrogenase I (SHI) from 
Pyrococcus furiosus), we seek to determine the effects the NAD(P)-reducing 
subunits have on the hydrogenase activity of the SHs by studying a sub-complex 
of the enzyme that consists of only the [NiFe]-hydrogenase large and small 
subunits.  The catalytic bias and oxygen-tolerance of the sub-complex differs 
noticeably from the full tetrameric SHI, indicating that connected subunits and the 
cofactors of those subunits have distinct affects on the chemistry that takes place 
at the active site. Coupling the results presented herein with proposed research, 
we hope to provide a better understanding regarding the mechanisms of activity 
utilized by hydrogenases, so that the enzymes can be modified directly or to 
further the development of non-precious metal-based catalysts for future energy 
technologies.  
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Table 1: Hydrogenases for which direct electrochemistry has been observed. 
 
Organism References 
[FeFe]-  
Clostridium pasteurianum 85 
Desulfovibria vulgaris 86,87 
Megasphaera elsdenii 88 
Chlamydomonas reinhardtii 51,89 
Clostridium acetobutylicum 89-91 
Desulfovibrio desulfuricans 89 
[NiFe]-  
Allochromatium vinosum 45 
Pyrococcus furiosus 92,93 
Ralstonia eutropha H16 72,94-96 
Ralstonia eutropha Z1 97 
Thermococcus celer 98,99 
Thermotoga maritima 93 
Thiocapsa roseopersicina 100,101 
Synechocystsis sp. PCC6803 39 
Desulfovibrio fructosovorans 55 
Escherichia coli 62,63 
Desulfovibrio gigas 102 
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Figure 1-1: Representative structures of hydrogenases. Crystal structures of 
(A) the [NiFe]-hydrogenase from Desulfovibrio vulgaris Miyazaki F (PDB ID: 
1H2R, 1.40 Å), (B) the [FeFe]-hydrogenase from Clostridium pasteurianum, 
(PDB ID: 3C8Y, 1.39 Å), (C) the [Fe]-hydrogenase from Methanocaldococcus 
jannaschii, (PDB ID: 3F47, 1.75 Å). The top row shows the holoprotein structure 
while the bottom row shows the hydrogen-activating site in stick representation. 
Atoms are labeled as carbon (black), oxygen (red), nitrogen (blue), sulfur 
(orange), and iron (rust). All protein structure figures were created in PyMOL.103  
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Figure 1-2: Schematic overview of the spectroscopically identified redox 
intermediates in standard, oxygen-sensitive [NiFe]-hydrogenases (left), 
HoxEFUYH from Synechocystis sp. PCC6803 (middle), and O2-tolerant 
uptake [NiFe]-hydrogenases. EPR active states are denoted in red and the EPR-
silent states in black. The most oxidized states appear at the top of the diagram 
and the most reduced at the bottom. States believed to be analogous and/or at the 
same redox level are horizontally aligned across the figure. Figure is reproduced 
with permission from 39. 
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Figure 1-3: Schematic diagram of a general PFE experiment.  The three-
electrode cell consists of a rotating working electrode controlled externally by a 
rotator, a reference electrode located directly in the cell solution at a fixed 
position determined by a Teflon cap, and a platinum counter electrode.  The cell is 
open to the ambient atmosphere.  Bubbling directly into the buffer controls the 
gas composition of the solution.   
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Figure 1-4: Non-catalytic cyclic voltammetry for adsorbed redox proteins.   
a) The triangular potential versus time waveshape and b) the ideal current 
response at slow scan rates for one-electron transfer process.  
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Figure 1-5: Ideal voltammograms for non-catalytic experiments, oxidative 
catalysis and reductive catalysis.  The black voltammogram shows the current 
response for a non-catalytic one electron oxidation and reduction.  The red dotted 
lines show catalytic voltammograms: negative current represents reduction and 
positive current represents oxidation.  
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Figure 1-6: Processes affecting the current response for an adsorbed redox 
enzyme (here, a [NiFe]-hydrogenase).  Each of the rates represents a current: kin 
represents the rate of intramolecular electron transfer through the protein to the 
active site. 
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Figure 1-7: Waveform and idealized response for a typical 
chronoamperometry experiment used in this thesis.  a) Depiction of the 
potential versus time curve. b) Hypothetical current versus time response for a 
redox enzyme. 
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Abstract 
Protein film electrochemistry (PFE) was utilized to characterize the 
catalytic activity and oxidative inactivation of a bidirectional [NiFe]-hydrogenase 
(HoxEFUYH) from the cyanobacterium Synechocystis sp. PCC 6803.  PFE 
provides a precise control of the redox potential of the adsorbed enzyme so that its 
activity can be monitored under changing experimental conditions as current.  The 
properties of HoxEFUYH are different from those of both the standard uptake and 
the "oxygen-tolerant" [NiFe]-hydrogenases.  First, HoxEFUYH is biased towards 
proton reduction as opposed to hydrogen oxidation. Second, despite being 
expressed under aerobic conditions in vivo, HoxEFUYH is clearly not oxygen-
tolerant.  Aerobic inactivation of catalytic hydrogen oxidation by HoxEFUYH is 
total and nearly instantaneous, producing two inactive states.  However, unlike the 
Ni-A and Ni-B inactive states of standard [NiFe]-hydrogenases, both of these 
states are quickly (< 90 s) reactivated by removal of oxygen and exposure to 
reducing conditions.  Third, proton reduction continues at 25-50% of the maximal 
rate in the presence of 1% oxygen.  Whereas most previously characterized 
[NiFe]-hydrogenases seem to be preferential hydrogen oxidizing catalysts, the 
cyanobacterial enzyme works effectively in both directions.  This unusual 
catalytic bias as well as the ability to be quickly reactivated may be essential to 
fulfilling the physiological role in cyanobacteria, organisms expected to 
experience swings in cellular reduction potential as they switch between aerobic 
conditions in the light and dark anaerobic conditions.  Our results suggest that the 
uptake [NiFe]-hydrogenases alone are not representative of the catalytic diversity 
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of [NiFe]-hydrogenases, and the bidirectional heteromultimeric enzymes may 
serve as valuable models to understand the diverse mechanisms of tuning the 
reactivity of the hydrogen activating site. 
 
Introduction 
Hydrogen is an important currency in the energy economy of 
microorganisms, and many believe that biological systems may provide 
inspiration for overcoming some of the technological hurdles associated with a 
hydrogen fuel economy. Hydrogenases are the metalloenzymes that catalyze the 
reversible interconversion of protons and hydrogen; they are categorized 
according to active site metal composition as either [NiFe] or [FeFe].1 
Tantalizingly, like platinum metal, hydrogenases have been shown to catalyze 
both hydrogen oxidation and proton reduction with minimal electrochemical 
overpotential (driving force)2,3 leading to their suggested use in a number of 
applications including photoelectrochemical devices and fuel cells.3-6  
Since solar energy and water are two of our most abundant resources, 
coupling water splitting via oxygenic photosynthesis to fuel production via 
hydrogenases is a particularly attractive pathway.7-11  Cyanobacteria and green 
algae are, at present, the only known organisms that both produce hydrogenases 
and are capable of performing oxygenic photosynthesis.12-16 Utilizing green 
microalgae such as Chlamydomonas reinhardtii, methods for direct, sustained 
photoproduction of hydrogen have been established.17 This is, however, 
technically challenging, as algae produce [FeFe]-hydrogenases, enzymes noted 
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for their fast hydrogen production but also for extreme and irreversible sensitivity 
to oxygen.18-22  In addition to the oxygen sensitivity of the enzymes themselves, 
both hydrogenase gene expression and biosynthesis appear also to be oxygen-
sensitive in green algae.15,23,24   
Cyanobacteria, on the other hand, utilize [NiFe]-hydrogenases in their 
hydrogen metabolism.  Despite being considered generally less efficient for 
hydrogen production than the [FeFe]-hydrogenases, [NiFe]-hydrogenases may be 
more useful for technological applications as they are only reversibly inhibited by 
molecular oxygen, and some, produced in aerotolerant organisms, are able to 
function in the presence of oxygen, a property no characterized [FeFe]-
hydrogenase has exhibited.25-32 Substantial effort has gone into understanding the 
mechanisms of inactivation of [NiFe]-hydrogenases as well as identifying means 
by which more aerotolerant enzymes may be developed.33 Model [NiFe]-
hydrogenases from several organisms including Allochromatium vinosum,34-37 
Aquifex aeolicus,32 Desulfomicrobium baculatum,38 Desulfovibrio 
fructosovorans,28,39 E. coli,30 and Ralstonia eutropha26,27,29,40 have been 
catalytically characterized in vitro.  Although [NiFe]-hydrogenases are widely 
distributed throughout archaea and bacteria, notably missing from this list of 
organisms are cyanobacteria.  Additionally, despite the fact that [NiFe]-
hydrogenases have been phylogenetically divided into four distinct groups41, all 
of the established model systems are representatives of the "uptake", also known 
as group 1, class, a group of heterodimeric, monofunctional enzymes thought to 
catalyze hydrogen oxidation in vivo.  However, two functionally distinct [NiFe]-
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hydrogenases are present in the cyanobacteria, an uptake and a bidirectional 
enzyme, and the latter is thought to interact with photosynthetic pathways42-44.  
Enzymes of the cytoplasmic, bidirectional group of [NiFe]-hydrogenases have 
been much less studied than those from the uptake group.  They are hetero-
multimeric, bifunctional enzymes usually coupling proton/hydrogen 
interconversion at the [NiFe] active site with NAD(P) reduction at an FMN active 
site.   
Synechocystis sp. PCC 6803 is a non-nitrogen fixing cyanobacterium and 
thus produces only a bidirectional enzyme of the NAD(P)-reducing class.45  The 
precise physiological role of this enzyme is still under debate, but it is believed to 
function as an electron valve for an excess of electrons produced under 
photosynthetic and fermentative conditions.46-49 The heteropentameric enzyme, 
HoxEFUYH (Figure 1), in which HoxY and HoxH form the hydrogenase and 
HoxE, HoxF and HoxU the diaphorase subunit, is highly homologous to both the 
soluble [NiFe]-hydrogenase from the knallgas bacterium Ralstonia eutropha and 
part of the peripheral subunits of respiratory Complex I.45,50-55  Although [NiFe]-
hydrogenases are usually described as functioning primarily in the hydrogen 
oxidation direction, HoxEFUYH is involved in fermentative hydrogen production 
as well as working as an electron valve when photosynthesis resumes under 
anaerobic conditions.46-49,56 The potential for this enzyme to catalyze hydrogen 
production efficiently and with limited sensitivity to oxygen has caused 
HoxEFUYH to be identified as a candidate for use in technologies.  
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HoxEFUYH from Synechocystis sp. PCC 6803 has recently been 
homologously overexpressed, purified and spectroscopically characterized via 
EPR and FTIR revealing for the first time that the active site of a [NiFe]-
hydrogenase from an oxygenic phototroph also contains the now standard two 
cyanides and a single carbon monoxide observed in all other [NiFe]-hydrogenases 
characterized.57  However, despite the seemingly orthodox nature of the active 
site, several significant spectroscopic differences from the so-called standard 
(uptake) hydrogenases were observed.  First, paramagnetic Ni states were not 
observed in samples of any redox state of HoxEFUYH, a property shared with 
other bidirectional [NiFe]-hydrogenases such as those from Anabaena 
variabilis,58 Pyrococcus furiosus,59 Nocardia opaca 1b,60 and Allochromatium 
vinosum.61  This is remarkable since the standard, uptake enzymes can be isolated 
in three distinct paramagnetic Ni states: Ni-A, Ni-B and Ni-C, and suggests that in 
HoxEFUYH either the Ni remains in a diamagnetic state [Ni(II)] throughout the 
catalytic cycle or is coupled to a nearby paramagnet resulting in an overall 
diamagnetic state (See Figure 2 in Chapter 1 for a summary of the known 
spectroscopic states of [NiFe]-hydrogenases).  Of the EPR-active Ni states 
identified for uptake hydrogenases, Ni-A and Ni-B are both catalytically inactive, 
and the suggestion that the Synechocystis HoxEFUYH may have decreased 
susceptibility to oxidative inactivation is appealing. Second, of the eight major 
states of standard, uptake [NiFe]-hydrogenases detected via FTIR spectroscopy, 
only four analogous states were identified in studies of the Synechocystis 
HoxEFUYH.  In particular, states assigned as Ni-B-like, Ni-SIa-like, Ni-C, and 
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Ni-R were observed via FTIR. We note for clarity that the Ni-B-like state 
observed for HoxEFUYH via FTIR spectroscopy did not have a corresponding Ni 
EPR signal.  Consistent with the EPR results, the catalytically inactive states, Ni-
A, Ni-SU, and Ni-SR, were not detected via FTIR.  Similar FTIR results for the 
highly homologous cytoplasmic soluble bidirectional enzyme from Ralstonia 
eutropha have recently been reported using in situ spectroscopy of whole cells 
suggesting that the spectroscopically observed states are perhaps also the 
physiologically relevant ones.55,62 Third, many of the eight [2Fe2S] or [4Fe4S] 
clusters thought to be present in HoxEFUYH based on highly conserved [FeS] 
cluster binding motifs,51,57,60 could not be observed via EPR spectroscopy.  Only 
one [4Fe4S] and at least one [2Fe2S] cluster, both magnetically coupled to one 
another, were detected.  A small signal from a [3Fe4S]+ cluster quantitated at a 
mere 0.05 spins/protein is believed to be the result of oxidative damage of a 
[4Fe4S] cluster. This is remarkable since all known uptake hydrogenases harbor a 
[3Fe4S] cluster, the reduction potential of which is much higher than the other 
redox cofactors in the enzyme.63 The structural basis or functional consequences 
of these spectroscopic differences from standard uptake hydrogenases are not yet 
clear.   
Protein film electrochemistry (PFE) is a technique in which a redox 
enzyme is adsorbed onto an electrode surface in a configuration allowing direct 
electron transfer without chemical mediators, and activity is simply monitored as 
current.64,65 The precise ability to control electrode and hence enzyme potential 
afforded by PFE has been used to great effect for studying both catalytic activity 
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and potential in/activation of [NiFe]- and [FeFe]- hydrogenases over the last 
decade.2,4,18,19,22,30-32,34-39,64-66  Furthermore, since the enzyme is adsorbed to the 
electrode tip, transfer of the enzyme-covered electrode between solutions of 
various compositions can be used to quickly characterize the in vitro catalytic 
activity under a wide range of precisely defined experimental conditions.   
In this paper, we report the first PFE characterization of either a 
multimeric bidirectional [NiFe]-hydrogenase or a cyanobacterial [NiFe]-
hydrogenase.  We describe the activity towards both proton reduction and 
hydrogen oxidation as well as the unusual (in)activation under anaerobic and 
aerobic conditions.  The results are compared to standard uptake and oxygen-
tolerant uptake [NiFe]-hydrogenases, and HoxEFUYH is shown to have unique 
reactivity.  Structural explanations for this unique functionality will be 
considered.   
 
Materials and Methods 
The purification of the enzyme was reported in ref 57.   
Protein film electrochemistry experiments were carried out in a glovebox 
filled with nitrogen (Vacuum Atmospheres, O2 < 4ppm) in a glass cell with a 
machined Teflon cap designed to stabilize electrode placement.  The potentiostat 
was a PG-STAT 128N Autolab electrochemical analyzer (Eco Chemie, Utrecht, 
The Netherlands) controlled by GPES software.  A saturated Ag/AgCl electrode 
was used as reference and a platinum wire as counter electrode.  All potentials 
were corrected to the standard hydrogen electrode (SHE) according to the 
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equation ESHE=EAg/AgCl + 197 mV at 25 ºC.67 Pyrolytic graphite "edge" working 
electrodes were constructed by attaching a cylindrical piece of graphite (r = 
2.5 mm, Minteq) to a steel rod via a silver-loaded epoxy (AI Technologies, 
Princeton Junction, NJ) that was then inserted into a Teflon sheath.  The exposed 
graphite was then encased within an adhesive epoxy (Epoxies Etc., Cranston, RI).  
The rotating working electrode was used in conjunction with an AFMSRCE 
Series Rotator (Pine Instrument Company).   
All chemicals were of the highest grade commercially available and were 
used without further purification.  Solutions for electrochemical experiments were 
prepared using purified water (resistivity 18.2 MW cm-1).  The mixed buffer 
consisted of 15 mM each of 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid 
(HEPES), 2-[N’-cyclohexyl-amino]ethane-sulfonic acid  (CHES), 2-[N’-
morpholino]ethane-sulfonic acid  (MES), N’-tris[hydroxymethyl] methyl-3-
amino-propane-sulfonic acid  (TAPS), and sodium acetate with 0.1 M NaCl as 
supporting electrolyte (HEPES, CHES, TAPS, and sodium acetate from Sigma, 
MES from USB Corporation, NaCl from VWR).  Solutions were adjusted to the 
desired experimental pH with either NaOH or HCl.  The experimental pH and 
temperature for each experiment are indicated in the figure legend.  Gas mixtures 
were purchased from Air Liquide American and used as received.   
Enzyme films were prepared by first polishing the electrode with a 1 mm 
aqueous alumina (Buehler) slurry followed by thorough sonication and rinsing.  
The electrode was then inserted into a cell containing dilute (0.1-1 mM) enzyme 
solution and cycled between the potentials +197 and -603 mV at a scan rate of 10 
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mV/s until the reductive catalytic current stabilized.  The enzyme solution was 
then removed from the cell and replaced with pH 6.4 buffer solution.  The 
electrode potential was again cycled until current stabilized.  
The electrochemical data were analyzed with SOAS, an electrochemical 
program freely available for download on the web at http://bip.cnrs-
mrs.fr/bip06/software.html .68  
 
Results 
1. Catalytic activity and bias 
As shown in Figure 2A, HoxEFUYH adsorbs to a pyrolytic graphite edge 
(PGE) electrode and catalyzes the electrolytic reduction of H+ under a N2 
atmosphere; the magnitude of the catalytic current is directly proportional to the 
activity of the enzyme on the electrode surface. Electrode rotation can be used to 
control flux of substrate to the electrode surface.  At low electrode rotation rates, 
the catalytic current depends on rotation rate, indicating that it is limited by mass 
transport of substrate to the electrode surface or diffusion of inhibitor away from 
the surface.  However, at moderate rotation rates, 1000 rpm or greater, the 
observed voltammetry is unaffacted by increasing rotation rate.  Thus all 
experiments have been undertaken at 1000 rpm or greater. Absolute current 
magnitude depends also on the quantity of enzyme on the electrode surface,69 and, 
although catalytic activity is clearly observed for this enzyme, non-catalytic 
signals have not been observable, making quantification of the amount of enzyme 
on the electrode surface impossible.  Thus, in order to compare activities from 
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experiments with different protein films and, correspondingly, different quantities 
of active enzyme on the electrode surface, data have been normalized to a 
standard condition: pH 6.4. At this intermediate pH value, the film is relatively 
stable and, as demonstrated below, displays considerable activity for both proton 
reduction and hydrogen oxidation.  In short, the activity was first measured in a 
reference buffer of pH 6.4.  Then the experiment of interest was performed, and 
finally the activity was again measured in a buffer of pH 6.4 to monitor any 
change in electroactive coverage.  Data are presented normalized so that the 
activity at pH 6.4, averaged before and after the experiment, is 1. 
The catalytic reduction of H+ by HoxEFUYH at -560 mV increases with 
decreasing pH (Figure 2B).  This may be an effect of either the substrate (proton) 
concentration or the protonation state of the enzyme as a whole. Additionally, 
there may be a pH optimum in the region of 5.5, but instability of the enzyme on 
the electrode surface at low pH values precludes reaching any definitive 
conclusion.   
With respect to the shape of the voltammograms, there are two features 
worth noting.  First, the onset of reductive catalysis, the potential at which the 
catalytic voltammograms begin to deviate from a blank electrode, mirrors the 
potential of the standard hydrogen couple, i.e. no noticeable electrochemical 
overpotential is required to induce catalysis.  Second, as seen for many other 
hydrogenases, the shape of the voltammograms is not sigmoidal as might be 
predicted from simple models but instead nearly linear and does not reach a sharp 
plateau at high driving forces (i.e. very low potentials).  This phenomenon can be 
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explained, as first demonstrated by Léger et al., by assuming that the enzyme 
molecules are adsorbed to the electrode in a distribution of states and that the 
interfacial electron transfer rate depends on enzyme orientation.70  The extreme 
linearity of these voltammograms thus suggests that the rate of reductive 
electrocatalysis is significantly influenced by slow interfacial exchange of 
electrons between the enzyme and electrode. 
Voltammograms recorded in the presence of hydrogen report on the ability 
of the enzyme to oxidize hydrogen.  As shown in Figure 3, HoxEFUYH adsorbed 
to PGE is also catalytically competent in the hydrogen oxidation reaction on an 
electrode surface.  Several differences were observed relative to the voltammetry 
in a nitrogen atmosphere.  First, in the presence of hydrogen, proton reduction 
activity is significantly decreased but not completely eleminated.  As for many 
other hydrogenases studied to date, this demonstrates that the proton reduction 
catalysis is severely product inhibited by hydrogen.35  Second, the voltammetry 
does not have any noticeable rotation rate dependence (data not shown) indicating 
that hydrogen oxidation is not limited by transport of hydrogen to the electrode 
surface.  This most likely indicates that the electroactive coverage of the enzyme 
on the electrode surface is relatively sparse.  With respect to coverage, it is worth 
noting that as opposed to the heterodimeric uptake [NiFe]-hydrogenases, the 
pentameric HoxEFUYH is a substantially heavier enzyme.  Thus we may expect 
the maximum coverage on the electrode surface to be lower than for other 
hydrogenases studied via PFE to date. As was the case for the reductive catalytic 
experiments, to facilitate comparison between different experiments, 
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voltammograms have been normalized relative to signals in pH 6.4 buffer.  Figure 
3B clearly shows that the rate of oxidation of hydrogen at +197 mV by 
HoxEFUYH increases, tripling between pH 6 and pH 8, as the solution pH 
increases.   This marked pH dependence is quite different from what was 
observed for both Allochromatium vinosum and Desulfovibrio fructosovorans 
both of which have pH independent hydrogen oxidation activity.35,39   
[NiFe]-hydrogenases are often described as biased in the direction of 
hydrogen uptake.  However, the data in Figures 2-4 demonstrate that this is not 
the case for HoxEFUYH.  Figure 4 shows voltammograms, and thus maximal 
catalytic currents, arising from a single HoxEFUYH enzyme film both in the 
presence and absence of hydrogen at pH 6.4.  Thus we can directly compare the 
activities in the proton reduction and hydrogen oxidation directions under these 
conditions. At high driving forces, in the absence of hydrogen, 4.1 mA of proton 
reduction catalytic current was observed.  Similarly, at high overpotentials in 
hydrogen saturated solution, 2.1 mA of hydrogen oxidation catalytic current was 
observed. Since current is directly proportional to catalytic activity, Figure 4 
demonstrates that at pH 6.4 the proton reduction rate by HoxEFUYH (for a 
solution saturated with nitrogen) is approximately 2 times faster than hydrogen 
oxidation (for a solution saturated with hydrogen). 
It is interesting also to compare proton reduction to hydrogen oxidation 
activities at other pH values.  Since the amount of electroactive enzyme on the 
electrode is not quantifiable and may vary for each film prepared, this comparison 
must been made through a single enzyme film. This is made possible by 
54 
comparing the normalized experiments in Figures 2 and 3 to the absolute data 
provided in Figure 4. For example, Figure 2 shows that the optimum of activity 
for hydrogen oxidation occurs at high pH and corresponds to an activity 
approximately 1.6 times that at pH 6.4.  Using Figure 4, we can think of this as 
3.4 mA if measured for the same film used in Figure 4.  On the other hand, as 
shown in Figure 3, the optimum for proton reduction occurs at low pH, and the 
activity is 1.2 times that at pH 6.4, i.e. 4.9 mA if measure for the same film used 
in Figure 4.  Using these absolute currents, in a sense extrapolated from the pH 
6.4 values, we conclude that proton reduction activity at low pH is about 1.4 times 
faster than hydrogen oxidation activity at high pH. Therefore, HoxEFUYH can be 
described as moderately biased in the direction of hydrogen production.  
Extrapolated current values for all pH values measured are summarized in Table 1 
and 2.  This allows direct comparison of activities at any desired combination of 
pH values.  Excluding [NiFeSe]-hydrogenases, [NiFe]-hydrogenases are usually 
thought of as significantly biased toward hydrogen oxidation.  The only exception 
in the literature is Hyd-2 from E. coli, an enzyme that has been demonstrated to 
be bidirectional, i.e. hydrogen oxidation activity is only two times as fast as 
proton reduction activity at pH 6 (See Figure 1 in reference 30).  HoxEFUYH, 
with its moderate bias towards proton reduction, thus shifts the balance of 
catalytic activities farther than any other [NiFe]-hydrogenase characterized to 
date.   
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2.  Reactions of HoxEFUYH with O2 
Figure 5 demonstrates via chronoamperometry the reaction of 
HoxEFUYH with oxygen under oxidizing conditions.  Unlike the so-called 
oxygen-tolerant [NiFe]-hydrogenases, HoxEFUYH does not oxidize hydrogen in 
the presence of oxygen; however, HoxEFUYH quickly recovers when oxygen is 
removed from the system and reducing conditions are briefly restored. Initially, 
the enzyme-covered electrode was held at an oxidizing potential in an atmosphere 
of 5% hydrogen to observe catalysis and establish a baseline for decay of film 
activity.  The slow decay of the activity (considered below) could be fit to a single 
exponential curve shown by the red dotted line.  At time 500 s, an aliquot of air-
saturated buffer was injected into the system for an initial oxygen concentration of 
7 mM and an immediate drop of the catalytic current to zero was observed, 
indicating inactivation of the enzyme.  The oxygen was then removed from the 
system by a constant stream of 5% hydrogen in nitrogen, and control experiments 
in Figure 6 demonstrate that 700 s was sufficient to remove all of the oxygen from 
the system.  However, unlike the so-called "oxygen-tolerant enzymes", the 
activity of the enzyme was not recovered simply by removal of oxygen.  Instead, 
it was absolutely necessary to decrease the potential of the system in order to 
reductively reactivate the enzyme and regain catalytic activity.  As shown in the 
inset of Figure 5, an increase in catalytic proton reduction current (more negative 
current) was observed as soon as the enzyme was reactivated.  This trace suggests 
that reactivation of the oxygen inactivated state was complete at -563 mV within 
60-90 s.  After reactivation, the electrode was biased again to an oxidizing 
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potential (+197 mV) to observe the recovery of the hydrogen oxidation catalysis.  
Analogous control experiments in which no oxygen was introduced into the 
system did not undergo any observable reductive reactivation, demonstrated in 
Figure 7, indicating that the inactive species requires oxygen for formation.   
As shown in Figure 5, surprisingly, the oxidation activity observed after 
reactivation was more than would have been expected if oxygen had not been 
introduced into the cell (the activity predicted by the red dotted line).  In order to 
explain this phenomenon, a control chronoamperometry experiment in which 
nitrogen saturated (as opposed to air saturated) buffer was injected into the cell 
and the electrode was then disconnected from the potentiostat was performed 
(Figure 8). This experiment demonstrated that no decay of activity occurred while 
the enzyme coated electrode was disconnected from the electrochemical cell, i.e. 
the activity remained at precisely that observed immediately prior to 
disconnection.  This result suggests that the enzyme is not inherently unstable on 
the electrode surface, an observation confirmed by long term (days or weeks) 
stability of unused enzyme coated electrodes stored in the glovebox (data not 
shown).  Instead, catalytic turnover itself appears to cause the irreversible loss of 
catalytic activity. Thus, the red curve in Figure 5 is not the most relevant predictor 
of catalytic activity after the introduction of oxygen and reactivation.  Instead, it 
may be expected that the maximum activity that could be attained after 
reactivation is the activity observed immediately before injection of oxygen, since 
film loss should be minimal, i.e. drops effectively to zero, while the enzyme is 
(aerobically) oxidatively inactivated and not turning over.  As described below, 
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the extent of reactivation can be monitored as a function of reductive potential, 
and indeed, the current observed immediately before introduction of oxygen 
serves as a limit to the activity that can be observed after reactivation.   
To investigate the thermodynamics of reactivation of the inactive state 
produced after O2 injection, the experiment depicted in Figure 5 was repeated 
varying only the reduction potential of the reactivation step.  The extent of 
reactivation was then quantified as the ratio of the oxidation current from the 
second oxidizing jump to the oxidation current obtained immediately before the 
injection of O2.  The results are compiled in Figure 9.  The data in this figure were 
normalized so that the fraction obtained at the most negative reactivation potential 
is 1, i.e. full reactivation.  The resulting data were fit with the Nernst equation,  
€ 
fraction reactivated = 1
1+exp nFRT E − Emid( )
 
  
 
  
    (1)  
where F is Faraday’s constant, R is the gas constant, T is the temperature, n is the 
number of electrons, and Emid is the midpoint potential of reactivation of the 
inactive state.  The model best matches the data when n = 1 and Emid = -372 mV 
shown as the red line in Figure 9. It should be noted here that even at the most 
oxidizing reactivation potentials (specifically -200 to -100 mV) some activity was 
always recovered.  This suggests that a second, minor species is formed during 
inactivation that reactivates at a higher potential, and we return to this topic 
below.  
 
 
58 
3. Detection of a second oxidized inactive species 
As described above, chronoamperometric experiments to characterize the 
oxygen inactivated state of HoxEFUYH provided hints that not one but two 
distinct oxidized, inactive states may be formed since a small population of the 
enzyme was always reactivated at higher potentials.  Although only one oxidized, 
inactive state of HoxEFUYH, labelled the "Ni-B-like" state, has been detected via 
FTIR spectroscopy,57 standard, uptake [NiFe]-hydrogenases have been shown to 
produce two species distinguished primarily by their rate of reactivation (See Fig. 
2 in Chapter 1).  These EPR-active but catalytically inactive states are usually 
referred to as Ni-B (or Ni-ready) and Ni-A (or Ni-unready).71   The Ni-B state can 
be reduced to a catalytically active form within seconds whereas the Ni-A state 
requires reduction for longer time periods (tens of minutes) to regain activity.  
Only the Ni-B state is formed during anaerobic, oxidative inactivation, but a 
mixture of Ni-A and Ni-B states forms under aerobic conditions depending on 
electrochemical potential as well as hydrogen and oxygen concentration.37  By 
way of comparison, it is important to recall that no EPR signals from Ni have 
been detected in any of the redox states of HoxEFUYH.  
With its precise potential control, PFE has been particularly important in 
characterizing the kinetics and thermodynamics of the inactivation reactions of 
uptake [NiFe]-hydrogenases.  The anaerobic oxidative inactivation of uptake 
[NiFe]-hydrogenases such as that from Allochromatium vinosum to form Ni-B can 
often be observed in cyclic voltammetry experiments at extremely slow scan 
rates, i.e. 0.3 mV s-1, as a decrease in the hydrogen oxidation current at high 
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potentials and a concomitant return of activity at lower potentials as the enzyme is 
reactivated [See, for example, 36].  However, no such signs of inactivation [or 
reactivation] were detected in anaerobic cyclic voltammetry experiments with 
HoxEFUYH. We note however, that the experiments in this work were completed 
at a significantly faster scan rate: 10 mV s-1.  Attempts to utilize slower scan rates 
resulted in significant irreversible film loss prohibiting a meaningful 
interpretation of the data.  Since Ni-B is believed to contain a bridging hydroxide 
ligand in the active site and hydrogen is thought to provide protection against its 
formation, chronoamperometry experiments were undertaken at low hydrogen 
pressures (5 %), and high pH (7.5) to observe an anaerobically oxidatively 
inactivated state.  Figure 10 shows that under these conditions on longer time 
scales (circa 10-20 minutes) HoxEFUYH could be anaerobically inactivated at 
oxidative potentials and reactivated by brief exposure to reducing conditions.  
First, hydrogen oxidation activity was observed at +147 mV for 900 seconds.  The 
observed decay of activity with time is thought to be a combination of irreversible 
"film loss" (either denaturation of enzyme on the electrode surface or diffusion of 
enzyme away from the electrode surface) and reversible anaerobic inactivation of 
the active site.  Then, the potential was briefly stepped to -563 mV for 90s to 
reactivate enzyme.  Upon return of the potential to +147 mV, increased catalytic 
activity corresponding to reactivation of the enzyme film at low potentials was 
observed (circled area in Figure 10). The range of conditions for formation of this 
inactive state is relatively narrow. Either an increase of the pressure of hydrogen 
or decrease of the solution pH prevented formation of this state. 
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While anaerobic inactivation is clearly observed in chronoamperometry 
experiments, it was not observed in cyclic voltammetry experiments (Figures 2-
4).  In contrast, Figure 11 provides evidence that two inactive states of 
HoxEFUYH are formed in the presence of oxygen.  Cyclic voltammetry in 5% H2 
at pH 7.5 was initiated at the reducing limit at a scan rate of 5 mV/s.  At a 
potential of approximately -200 mV, air saturated buffer was injected to a final 
oxygen concentration of 14 mM.  Catalytic activity halted immediately (data not 
shown).  The buffer was then exchanged to an oxygen free solution, and the 
experiment recommenced from the oxidative limit as shown in Figure 11.  
Initally, the enzyme was completely inactive, and no catalytic current was 
observed.  However, at approximately -100 mV, nearly 275 mV more oxidizing 
than the potential for reductive reactivation of the aerobically produced state 
determined above (Figure 9), a small amount of catalytic activity began to 
reappear.  Then, at much lower potentials, i.e. below even the potential of the 
hydrogen couple, the bulk of the enzyme was reactivated, and, on the return scan, 
substantial catalytic activity was observed again.  However, just as for the 
anaerobic chronoamperometry experiments, under less basic conditions (pH 5-7), 
evidence of inactivation and reactivation was not apparent in analogous 
experiments.  These results clearly demonstrate that two distinct inactive species 
are formed with unique reactivation characteristics.  The properties of the higher 
potential reactivating state are the subject of ongoing investigation.  
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4.  H2 production by HoxEFUYH in the presence of O2  
Since HoxEFUYH is believed to play a role in transitioning between 
light/dark and aerobic/anaerobic metabolisms, the ability of the enzyme to 
produce hydrogen in the presence of O2 was investigated.  As shown in Figure 12, 
HoxEFUYH can continuously reduce H+ in the presence of 1% O2.  In this 
chronoamperometry experiment, the enzyme was held at a constant, reducing 
potential (-453 mV) throughout, and the gas atmosphere above the cell is 
changed.  In the first part of the investigation, the enzyme was kept under a N2 
atmosphere and the negative reduction current displayed is exclusively due to the 
enzyme reducing H+ to H2.  To inhibit the enzyme, the gas stream was switched to 
H2 (red in the figure) and the swift loss in negative current is the result of H2 
inhibition of HoxEFUYH, as shown also above (see also Figure 4).  It is 
important to note here that even under 1 atmosphere of H2 at the pH used in the 
experiment, the H+ reduction activity of HoxEFUYH was not fully inhibited, as 
indicated by residual negative current.  After inhibiting the enzyme, the gas 
stream was switched back to N2 and the H2 was slowly bubbled away.  Once a 
steady reduction current was obtained, indicating complete removal of the 
inhibitor, the gas stream was again changed, this time to 1% O2 in N2 (black 
dashed line in the figure).  The increase in reduction current is due to direct 
reduction of O2 on the PGE electrode.  To determine the amount of reductive 
current attributable to the enzyme under these conditions, the gas stream was 
switched to 1% O2 in H2 (inhibiting the enzyme) and the current monitored.  As 
illustrated by the red dashed line in the Figure 12, the approximately 0.5 µA of 
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current lost in this step is due to inhibition of HoxEFUYH functioning under 1% 
O2.  The 1% O2 in H2 was then replaced with 1% O2 in N2 and, once stable current 
was obtained, the O2 was removed by switching the gas atmosphere back to 100% 
N2.  After removing the O2, the gas stream was again exchanged, first to H2 to 
inhibit and then to N2 to demonstrate the amount of active enzyme after O2 
removal (the final red and black solid lines).  Assuming that 99% H2 fully inhibits 
the enzyme (which it does not), 25-50% of the enzyme functions in the presence 
of 1% O2 (limits determined based on the current due to enzyme activity before 
the introduction of O2 and on the current obtained before the final inhibition step, 
respectively), which compares well with the estimates obtained by Parkin and co-
workers in a similar experiment for a [NiFeSe]-hydrogenase (17 and 42% 
respectively).38   
 
Discussion 
Although bidirectional [NiFe]-hydrogenases are biologically widespread, 
intimately involved in photobiological production of hydrogen and potentially of 
relevance to solar biotechnological applications, our results represent the first 
electrochemical characterization of either a member of this group or a 
[NiFe]-hydrogenase from an aerobic phototroph. The electrochemical 
investigation of HoxEFUYH from Synechocystis sp. PCC 6803 has revealed 
important, and perhaps unexpected, properties each of which will be considered in 
turn below.   
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The first unexpected property of HoxEFUYH catalysis is that the 
hydrogen production rate at low pH and negligible hydrogen pressure (ideal 
conditions for reductive catalysis) is approximately 1.4 times faster than the 
hydrogen oxidation rate at high pH and hydrogen pressure (ideal conditions for 
oxidative catalysis).  Thus HoxEFUYH is the first [NiFe]-hydrogenase studied 
that can be characterized as a hydrogen-producing enzyme.  However, this bias 
towards production is so moderate that it may be more accurate to think of 
HoxEFUYH as a truly bidirectional enzyme much like E. coli Hyd-2.30 Although 
the mechanism for controlling bias in [NiFe]-hydrogenases remains unclear, from 
a physiological perspective, the reductive bias of HoxEFUYH should perhaps not 
be surprising since it has been proposed to serve as an electron valve for excess 
reducing equivalents. Alternatively, a possible role in interfacing with Complex I 
in the membrane may also require the unusual catalytic bias of this enzyme.45,46,51   
The reactions of HoxEFUYH with oxygen are also different from what 
might have been expected based on either FTIR data57,62 or comparison to either 
"standard uptake " or "oxygen-tolerant" enzymes [See Fig. 2 in Chapter 1 for a 
summary of the spectroscopically observed states from the various types of 
hydrogenases].  Standard uptake [NiFe]-hydrogenases form two distinct, EPR-
active, inactive states. Ni-A, also referred to as "unready", reactivates slowly 
under reducing conditions whereas Ni-B, also referred to as the "ready" state, is 
quickly reactivated. On the other hand, "oxygen-tolerant" [NiFe]-hydrogenases 
such as that from Aquifex aeolicus are aerobically inactivated to a single state, Ni-
B, that is thought to be identical to the state formed during anaerobic 
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inactivation.32  Both Ni-B and Ni-A are characterized by EPR signals arising from 
Ni(III).  Ni-B is believed to contain a (hydr)oxo bridging ligand in the active site, 
and Ni-A, although a matter of ongoing debate, a hydro(peroxo) bridging 
species.72,73  Preliminary FTIR investigations of HoxEFUYH and the highly 
homologous soluble hydrogenase from Ralstonia eutropha (ReSH) have 
suggested that these enzymes, like oxygen-tolerant ones, can only be oxidized to a 
single state referred to as "Ni-B-like".62  However, the Ni-B-like state is 
distinguished from the standard Ni-B state in that it does not have an 
accompanying EPR signal, and the positions of the IR bands are slightly shifted, a 
result attributed to the specific amino acid environment of the active site.57  
Additionally, unlike the "oxygen-tolerant" enzymes, both HoxEFUYH and ReSH 
require reactivation to observe catalytic activity after aerobic purification.  In 
contrast to the FTIR results, our electrochemical results show that two distinct 
states are formed upon reaction of HoxEFUYH with oxygen, but these two states 
have different properties than the classical Ni-A and Ni-B. First, both states are 
quickly reactivated.  Second, the states are reactivated at two distinct reduction 
potentials.  The minor species is reactivated at high potentials much like a 
classical Ni-B, and the predominant species is reactivated at potentials below even 
the hydrogen couple.  In thermodynamic terms, this is the reason that 
HoxEFUYH, unlike the oxygen-tolerant enzymes, cannot oxidize hydrogen in the 
presence of oxygen. The observation that HoxEFUYH can be quickly reactivated 
after aerobic inactivation is different from standard uptake hydrogenases and may 
be a feature of physiological relevance for cyanobacteria.  Ananyev and 
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coworkers have demonstrated that upon onset of dark conditions, Arthrospira 
maxima, a non-nitrogening fixing cyanobacterium, obtains anaerobic conditions 
within three to four minutes and hydrogen production can then be instantaneously 
observed.74  A standard [NiFe]-hydrogenase requiring tens of minutes to be 
reactivated from the N-A state might be too slow to react to these changing redox 
potentials inside the cell.  However, HoxEFUYH is perfectly positioned to do so.  
It is firmly off during aerobic photosynthetic conditions but can rapidly returned 
to action as soon as the cell becomes anaerobic.  Since transitions between aerobic 
and anaerobic conditions in natural aquatic environmental ecosystems may be 
expected to occur regularly as light intensity fluctuates, a cyanobacterial 
hydrogenase must then be poised to function quickly under changing 
physiological conditions and that corresponds with the biochemical properties we 
have observed. 
The electrochemical results beg the question why only one aerobically 
inactivated state for HoxEFUYH was detected in the FTIR experiments.57  The 
answer may lie in the relative proportions of the two species and the difficulty in 
forming the higher potential reactivating state.  First, the higher potential 
reactivating state was only observed under alkaline conditions with very low 
pressures of hydrogen.  These are conditions that may not have been generated in 
the FTIR experiments, in which inactivation ocurred because oxygen was allowed 
to slowly leak into the cell.  Second, the relatively small amount of catalytic 
activity recovered by reactivation of the high potential reactivating species 
(Figure 10) suggests that this species probably accounts for less than 5% of the 
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inactivated enzyme.  Thus within the sensitivity of the FTIR experiment and the 
potential control of the spectroscopic apparatus, we should probably not expect 
the higher potential reactivating species to be observed to any significant extent.  
A second explanation for observation of two inactive states is that the high 
potential reactivating state does not form in solution experiments because it is an 
artifact of adsorption of the enzyme onto the electrode surface.  Lauterbach and 
coworkers have chracterized the hydrogenase dimer subcomplex (HoxHY) of the 
soluble bidirectional hydrogenase (SH) from Ralstonia eutropha 55.  Although 
FTIR investigations of the complete SH detected only a single inactive state, 
experiments with the HoxHY subcomplex identified two inactive species.  Thus it 
is possible that formation of the second inactive form is only possible for 
degraded enzymes in which the quaternary structure has been altered or the 
diaphorase unit inactivated.  This might suggest that on the electrode surface, the 
quaternary structure of HoxEFUYH is changed relative to the solution.  
Exploration of this hypothesis is ongoing in our laboratory.  With this in mind, it 
is also important to consider which of the two inactive species observed 
electrochemically was observed in the FTIR experiments.  Although the 
spectroscopically observed state has been termed "Ni-B-like", the evidence 
suggests that this spectroscopic state corresponds to the lower potential 
reactivating state observed in the electrochemical experiments: an exclusively 
aerobically formed state perhaps more akin to Ni-A.  The analogy to the Ni-B 
state of standard uptake hydrogenases is primarily in the similarity of the FTIR 
frequencies of the diatomic ligands and the speed with which the state is 
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reactivated.  However, the electrochemical results indicate that the lower potential 
reactivating state of HoxEFUYH, unlike classical Ni-A, is also very quickly 
reactivated.  It is clear the inactive states of HoxEFUYH are different from those 
of other hydrogenases characterized to date, and we will return to hypotheses for 
this difference shortly.   
Despite the fact that HoxEFUYH is not what has traditionally been called 
an "oxygen-tolerant" enzyme, it is able to reduce protons in the presence of 1% 
oxygen at rates 25-50% of those in the absence of the inhibitor.  Only three other 
hydrogenases have been conclusively demonstrated to perform reductive catalysis 
in the presence of oxygen: the membrane bound hydrogenase from Ralstonia 
eutropha (ReMBH), a stereotypical uptake, oxygen-tolerant enzyme,26 the 
[NiFeSe]-hydrogenases from Desulfomicrobium baculatum38, and Hyd-2 from E. 
coli30, all three heterodimeric, uptake type enzymes.  When considering the 
electrochemical properties of HoxEFUYH generally, a series of striking 
similarities to the [NiFeSe]-hydrogenases from Desulfomicrobium baculatum and 
Desulfovibrio vulgaris arises.  Like HoxEFUYH, both [NiFeSe]-enzymes have 
been the subject of recent investigations structurally, spectroscopically, and 
electrochemically and have been demonstrated to efficiently catalyze proton 
reduction even in the presence of oxygen.38,75,76 For Desulfomicrobium baculatum 
[NiFeSe]-hydrogenase, Parkin and co-workers have argued that the efficient 
proton reduction catalysis and the ability to maintain this catalysis in the presence 
of oxygen, properties shared with HoxEFUYH but not with the other standard 
uptake hydrogenases, are both consequences of the unique, terminally nickel 
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ligating selenocysteine.  They hypothesize that the substantially lower pKa of 
selenocysteine relative to the cysteine in the standard uptake enzymes is the main 
factor contributing the the unique properties of [NiFeSe]-hydrogenases.38  The 
[NiFeSe]-hydrogenase from D. baculatum also shares an extremely similar O2 
inactivation profile with HoxEFUYH, forming two inactive oxidized states that 
are quickly reactivated at two separate reduction potentials.  In the recently 
reported crystal structure of the aerobically as-isolated version of the [NiFeSe]-
hydrogenase from D. vulgaris, the authors assign both these oxidized states to 
active sites with oxidized terminal Ni ligands, and a bridging O2/H2O derived 
ligand such as described for standard uptake [NiFe]-hydrogenases was not 
observed.76  In the major conformer determined from the structural investigation 
(70% occupation), a 5-coordiate Ni was bound with an extra S ligand and the 
terminal Cys75 was persulfurated.  The authors posit that binding of the extra S 
ligand leads to movement of the Se to a position that prevents attack on the [NiFe] 
bridging position by small molecule inhibitors (and the larger atomic radius of Se 
compared with S may also play a role).  Needless to say, HoxEFUYH does not 
contain a Se within its active site.  However, even for the standard uptake [NiFe] 
enzymes there continues to be much debate as to the nature of the oxidized, 
inactive forms, especially the slowly reactivating Ni-A.  Ogata and coworkers 
have recently reported that the crystal structure of the uptake [NiFe]-hydrogenase 
from the anaerobic photosynthetic bacterium Allochromatium vinosum in the Ni-
A state contains a mono-oxo bridging ligand in contrast to the peroxo ligand 
reported for the enzymes from Desulfovibrio sp.73  Additionally, partial oxidative 
69 
modification of a Ni-coordinating cysteine was observed, and alternative 
conformations for the proximal [4Fe4S] clusters were also detected. This may 
suggest irreversible damage to the crystals occurred during X-ray exposure, but 
these results serve nonetheless to highlight the possibility that a range of different, 
perhaps even physiologically relevant, oxidative modifications may occur in 
[NiFe]-hydrogenases. The chemical states that a particular enzyme is able to form 
may be linked to both its unique biological role and its structural features.  
Unfortunately, no structural information has been reported for an oxygen-tolerant 
uptake enzyme, a bidirectional enzyme, or an enzyme from an aerobic phototroph.  
It would be wild speculation to comment on the chemical features of the inactive 
states of HoxEFUYH, but it is possible that such chemical differences at the 
active site are the cause of the unusual reactivation kinetics observed for 
HoxEFUYH.   
FTIR spectroscopic investigations of [NiFe]-hydrogenases have shown 
that all enzymes studied to date, including the standard uptake, the oxygen-
tolerant uptake enzymes, and the bidirectional HoxEFUYH, despite differing 
reactivities, share a largely conserved active site architecture.  Thus it may also be 
possible that the unusual reactivity of HoxEFUYH is a property not of the active 
site but of the additional [FeS] cluster coordinating subunits. Recent studies of the 
oxygen-tolerant hydrogenases have suggested that their unique reactivity may be 
attributed to a relatively conserved pair of cysteines located near the proximal 
[4Fe4S] cluster.77-79   Additionally, Liebgott and coworkers have demonstrated 
that mutation of a single residue located roughly between the [NiFe] site and the 
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proximal [4Fe4S] cluster in the active site containing subunit created variant 
proteins that were intermediate in their reactivity toward oxygen.  The authors 
hypothesize that, in oxygen-tolerant [NiFe]-hydrogenases, amino acids near the 
electron transfer conduit may specifically tune the rate of electron transfer 
through the iron sulfur clusters to allow complete reduction of oxygen once it 
enters the active site, thus facilitating faster reactivation.  This modulation of 
electron transfer could be achieved via modification of the reduction potential of 
the nearby [4Fe4S] cluster, variation of the electronic coupling between redox 
centers or a change in the reorganization energy.33,78 Such a hypothesis is also 
appealing to explain the unique properties of HoxEFUYH.  Although the 
standard, uptake [NiFe]-hydrogenases usually contain two [4Fe4S] clusters and a 
higher potential [3Fe4S] cluster, HoxEFUYH is believed to contain only [4Fe4S] 
and [2Fe2S] clusters, many of which have escaped detection by EPR.  An as yet 
uncharacterized coupling between one of the [FeS] clusters and the [NiFe] site 
could explain the lack of observable Ni(III) EPR signals and might also have a 
dramatic impact on intramolecular electron transfer.  Alternatively, the unique 
complement of [FeS] clusters in HoxEFUYH, especially the absence of a [3Fe4S] 
cluster, may effect intramolecular electron transfer to the active site such that a 
stable Ni(III) state is indeed never formed.  In support of these hypotheses, 
Dementin and coworkers have demonstrated that merely changing the 
coordination of the terminal [4Fe4S] cluster from a histidine to a cysteine, 
dramatically affects the intramolecular electron transfer rate for the Desulfovibrio 
fructosovorans [NiFe]-hydrogenase.80 Additionally, Rousset and coworkers 
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converted the medial [3Fe4S] cluster of the same enzyme to a [4Fe4S] cluster and 
saw a slight shift in the catalytic bias of the enzyme away from hydrogen 
oxidation to proton reduction.81  Finally, the [NiFeSe]-hydrogenases characterized 
to date, like HoxEFUYH, are also devoid of [3Fe4S] clusters and Ni(III) EPR 
signals.  This is a remarkable coincidence in light of their undeniable catalytic 
similarities and suggests that the catalytic bias towards proton reduction and the 
inability to form a slowly reactivating state observed for both of these types of 
enzymes may have a common mechanism related to the lack of a [3Fe4S] cluster.  
Although HoxEFUYH is the only multimeric bidirectional [NiFe]-
hydrogenase that has been electrochemically characterized to date, the closely 
related hydrogenase subcomplex, HoxHY, of the heteropentameric, soluble, 
bidirectional [NiFe]-hydrogenase (SH) from Ralstonia eutropha has also been 
recently investigated via electrochemistry and FTIR spectroscopy.(Lauterbach) 
Interestingly, there are several similarities to the Synechocystis HoxEFUYH.  
First, both enzymes are efficient in the hydrogen production direction.  Second, 
both enzymes maintain significant proton reduction activity even in an 
atmosphere of 100% hydrogen.  Third, both enzymes appear to form two 
oxidatively inactivated states under aerobic conditions that are very rapidly 
reactivated under reducing conditions.  It is tempting to conclude that these may 
be defining features of the bidirectional, multimeric enzymes.  However, the 
observation that the two most oxidized states of R. eutropha HoxHY observed via 
FTIR are not observed in samples of the intact pentameric enzyme either in vivo 
or in vitro is sufficient reason to question any such conclusion.  If the accessory 
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Fe-S domains are indeed relevant in modulating reactivity at the [NiFe] site, then 
deletion of these domains may have unknown and unexpected impacts on enzyme 
stability and function.  With this in mind, we are cautious to generalize our 
conclusions and look forward to seeing more detailed investigations of other 
bidirectional [NiFe]-hydrogenases.   
In conclusion, we have presented the catalytic properties of the 
bidirectional HoxEFUYH from Synechocystis sp. PCC 6803.  Although the 
enzyme shares a [NiFe] active site coordination with its "standard" uptake 
hydrogenase relatives, its catalytic bias and inactive oxidized states are 
significantly different from that of its cousins.  The potential technological 
applications of organisms capable of producing H2 from solar energy in aerobic 
environments, such as cyanobacteria, make establishing the mechanistic 
underpinnings of these differences essential. The answers may not easily be found 
in the structures and environments of the redox cofactors themselves but in the 
interactions between the many redox cofactors in HoxEFUYH that facilitate fast 
proton and electron transfer.  In light of recent suggestions that oxygen tolerance 
in some [NiFe]-hydrogenases, for example, is a property not of the active site or 
of gas tunnels leading to the active site but of the protein environment 
surrounding the proximal [FeS] cluster, closer attention must be paid to 
characterizing the interactions between the [FeS] clusters and the [NiFe] site in 
HoxEFUYH.  It is also interesting to postulate whether the traits of the enzyme 
put forth in this investigtion are unique to HoxEFUYH, having evolved to fit the 
role it plays in vivo in an aerobic phototroph, or if, in fact, this phenotype is 
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characteristic of all the group 3 multimeric bidirectional hydrogenases and 
perhaps related to their linkage to the diaphorase functional unit.  Given the 
similar lack of Ni(III) EPR data for all bidirectional hydrogenases studied so far, 
one might easily assume that most bidirectional enzymes will follow this 
paradigm, though conclusive evidence will have to come from the 
characterization of others.  
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Figure 2-1: Cartoon of the subunit composition of the heteropentameric 
HoxEFUYH and the hypothetical cofactors contained in each protein 
component. 
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Figure 2-2: Proton reduction catalysis for HoxEFUYH. (A) Proton reduction 
catalytic voltammograms for HoxEFUYH at various pH values normalized as 
described in the text. Experiments were performed at 25 oC with an electrode 
rotation rate of 1000 rpm in a 75 mM mixed buffer consisting of 15 mM each of 
HEPES, CHES, MES, TAPS and sodium acetate adjusted with NaOH or HCl to 
reach the desired pH value.  Additionally, 0.1 M NaCl was added as supporting 
electrolyte.  Scans were initiated from the oxidative potential limit at a rate of 10 
mV/s. (B) Normalized reduction activity at -560 mV derived from 
voltammograms such as those shown in panel A.  
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Figure 2-3: H2 oxidation catalysis for HoxEFUYH. (A) Catalytic 
voltammograms of adsorbed HoxEFUYH in the presence of 1 atm hydrogen at 
various pH values.  Experimental conditions are as in Figure 2 except that 100% 
hydrogen is equilibrated into the solution, and the electrode is stationary. H2 was 
equilibrated into each solution by flowing a gas stream over the top for five 
minutes before the scan and continuing to flow during scanning.  (B) Normalized 
H2 oxidation activity at +197 mV as a function of pH.   
 
 
77 
 
Figure 2-4: Comparison of the electrocatalytic currents obtained for 
hydrogen oxidation and proton reduction by HoxEFUYH from 
Synechocystis.  The black voltammogram was recorded first in an atmosphere of 
trace hydrogen in nitrogen followed by the grey voltammogram under 1 atm H2.  
Experimental conditions are as described in Figure 2, and the experimental pH is 
6.4.  The electrode is rotated at 1000 rpm. 
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Table 2-1: Normalized and hypothetically extracted (using data from Figure 
4) proton reduction currents as a function of pH.   
 
pH Normalized currents at -
600 mV (or fraction of 
6.4 current) 
Hypothetical 
absolute currents at 
600 mV 
(normalized x real) 
5 1.185 -4.90 
6.4 1 -4.14 
7.6 0.7637 -3.16 
 
 
Table 2-2: Normalized and hypothetically extracted (using data from Figure 
4) hydrogen oxidation currents as a function of pH.   
 
pH Normalized currents at 
+200 mV (or fraction of 
6.4 current) 
Hypothetical 
absolute currents at 
200 mV 
(normalized x real) 
5.8 0.5988 1.284 
6.4 1 2.145 
7.4 1.563 3.352 
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Figure 2-5: Potential step experiment showing the effect of O2 on H2 
oxidation activity and timescale of enzymatic recovery after a jump to 
negative potentials.  The electrode was first held at -563 mV for 90 s to ensure 
full activation of enzyme film.  After 90 s, the potential was jumped to +197 mV 
for 1200 s.  At ~500 s, 7 µM O2 is injected into the cell.  The O2 injected is 
removed from the cell by a constant stream of 5 % H2 in N2.  At time 1290 s, the 
electrode is stepped back down to -563 mV for 120 s to reactivate the inactive 
enzyme.  After reactivation, the electrode is then stepped back up to +197 mV to 
monitor the extent of reactivation. The black line is experimental data, the red 
dashed line is a single exponential fit to the oxidative activity before oxygen 
injection to account for film loss.  Other experimental conditions: mixed buffer 
pH 6.4 under 5 % H2 in N2, T = 25 oC, electrode rotation rate of 1500 rpm. 
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Figure 2-6:  Chronoamperometric trace of O2 diffusion from the 
electrochemical cell.  Experimental conditions:  A PGE electrode was polished 
with alumina slurry and sonicated before insertion into 4.75 mL of 75 mM mixed 
buffer, pH 6.4.  The electrode potential was held at E = -563 mV for the duration 
of the scan.  The electrode was also rotated at 1500 rpm and 5% H2 in N2 was 
bubbled over the top of the cell solution.  At ~60 s, 0.25 mL of air-saturated 
buffer was injected into the cell for a final O2 concentration of 14 µM.  The 
electrode is continuously rotated and 5% H2 is bubbled through the cell.  At ~800 
s into the scan (740 s after O2 addition), the reductive current on the electrode 
attributable to O2 is gone.  
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Figure 2-7:  Chronoamperometry without O2 injection. Experimental 
conditions:  HoxEFUYH coated electrode in 75 mM mixed buffer pH 6.4.  The 
electrode is rotating at 1500 rpm and 5% H2 in N2 is being bubbled over the top of 
the cell.  Initially, the electrode is held at -563 mV for 90 s to ensure all enzyme is 
fully active.  The potential is then stepped to +197 mV and held for 1200 s before 
the reductive step (-563 mV) for 120 s.  The potential is then moved back up to 
+197 mV to judge the extent of current regained.   
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Figure 2-8: Chronoamperometric trace mimicking the O2 inactivation 
experiments of Figure 5 showing that when HoxEFUYH is not undergoing 
catalysis, film loss is negligible.  Experimental conditions: In mixed buffer, pH 
6.4 under 5% H2 in N2 rotating at 1500 rpm.  The first potential step is to -563 mV 
for 90 s.  The electrode is then stepped to +197 mV.  At ~ 450 s, 0.25 mL of pH 
6.4 buffer is injected into the cell, the potentiostat is turned off and the working 
electrode is unclipped.  The electrode is continuously rotated and 5% H2 is 
bubbled through the cell for the duration of the pause.  At t = 1290 s, the working 
electrode was re-clipped and the potential was jumped to -563 mV for 120 s 
followed by +197 mV for 420 s to establish the extent of activity retained during 
the time period.  The black line is experimental values, the dashed red line is a 
single exponential fit to the initial decay due to film desorption during catalysis.   
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Figure 2-9: Fraction of enzyme reductively reactivated after O2 inhibition as 
a function of potential.  Values have been normalized assuming that the 
reactivation at -600 mV is 1 (i.e. complete reactivation after allowing for film 
degradation). The black diamonds are experimental data. The solid red line is a fit 
to a Nernstian equation.  The experimental conditions for all data collected were: 
T = 25 oC, pH 6.4, electrode rotating at 1500 rpm under 5% H2 in N2.  The 
chronoamperometric experiments used to generate the data included the following 
series of potential steps: (1) -563 mV for 90 s to ensure complete activation of the 
enzyme, (2) +197 mV for 1200 s to observe oxidation activity, establish 
background for film desorption/ denaturation and introduce oxygen; 1200 s is 
long enough to ensure that oxygen is effectively removed from the cell before 
returning to reductive potentials, (3) 120 s reductive pulse at variable potentials to 
reactivate inactive enzyme, (4) +197 mV for 420 s to quantify the extent of 
enzyme reactivation.  For each experiment, air-saturated buffer was injected into 
the cell (0.25 mL into 4.75 mL, Vfinal = 5 mL) at ~ 450 s, for a total initial 
concentration of 14 µM O2. 
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Figure 2-10: Chronoamperometry experiments probing anaerobic oxidative 
inactivation.  The location and duration of the reducing potential (-563 mV) is 
indicated in red above the scan, whereas the various oxidative potentials are 
indicated in black.  The enzyme was first held at -563 mV for 90 s to ensure fully 
active enzyme.  The potential was then stepped to the oxidative values for 
intervals indicated in the figure.  The duration of the step down to reducing 
potentials (-563 mV) following each oxidative pulse to reactivate the enzyme was 
180 s.  The circle indicates the region in which recovery of oxidative activity can 
be observed for the first reactivation.   Other experimental conditions: pH 7.5 
buffer, 5% H2 in N2, T = 25 oC, electrode rotation rate 1500 rpm.   
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Figure 2-11: Detection of a second, higher potential reactivating, catalytically 
inactive, oxidized species via cyclic voltammetry after O2 injection.  
Experiment was conducted under the following condtions:  A HoxEFUYH coated 
electrode was placed in an electrochemical cell containing pH 7.5 buffer under a 
5% H2 atmosphere rotating at 1500 rpm.  The first scan, where 14 µM O2 is 
injected at -200 mV to inactivate the enzyme, is not shown.   After inactivating 
the enzyme and exchanging the cell solution to buffer of the same compistion 
with no O2, the scan was reinitiated at +197 mV (black trace above).  The circle 
illustrates partial regain in oxidative activity at ~ -100 mV, whereas the remaining 
enzyme does not reactivate until potentials more reductive than the H2 couple.  
The scan then returns to +197 mV with active enzyme, as indicated by the large 
H2 oxidation current seen.  The gray dashed line is a blank of the electrode 
without enzyme to illustrate the baseline current.   
 
 
 
 
86 
 
Figure 2-12: Demonstration of the ability of HoxEFUYH to produce 
hydrogen in the presence of 1% O2.  Experimental conditions: Mixed buffer pH 
5.4 at 25 oC.  The electrode potential was -453 mV vs. SHE and electrode rotation 
rate 1600 rpm. Nitrogen was first bubbled through the cell (black solid line) 
followed by H2 (red solid line) and the swift decrease seen in reduction current is 
due to H2 inhibition of H+ reduction.  The H2 was then removed with a stream of 
N2 until a stable current was obtained, after which the gas was switched to 1% O2 
in N2 (black dashed line). To discern whether the hydrogenase was still 
functioning under these conditions, the gas stream was then switched to 1% O2 in 
H2 (red dashed line) to inhibit any active enzyme.  The gas was then switched 
back to 1% O2 in N2 to demonstrate the reversible inhibition and that the decrease 
in current was not due to some other process.  The 1% O2 was then bubbled out of 
the cell with 100% N2. 
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Abstract 
Hydrogenases catalyze hydrogen oxidation and production at rates far higher than 
any known synthetic, base-metal catalyst, but their sensitivity to inactivation by 
oxygen limits their technological applicability. Key insights regarding how to 
protect hydrogenases from oxidative inactivation have come from studying an 
oxygen-tolerant subgroup of membrane-bound [NiFe]-hydrogenases (MBHs). In 
this work, we present the first electrochemical characterization of an oxygen-
tolerant soluble [NiFe]-hydrogenase, SHI from Pyrococcus furiosus (Pf). Like the 
oxygen-tolerant MBHs, PfSHI sustains some hydrogen oxidation activity in the 
presence of oxygen. However, unlike MBHs, which react with oxygen to form a 
single inactive state, PfSHI reacts with oxygen to form two inactive states, both of 
which can be quickly reactivated. Possible structural and mechanistic 
explanations for this new class of oxygen-tolerant hydrogenase are considered.  
 
Introduction 
Hydrogenases, the enzymes that catalyze H+/H2 interconversion, have 
received widespread attention as models for catalysis at non-precious metal 
([FeFe]- or [NiFe]-) active sites.1,2 Although the high catalytic rates of these 
enzymes make them technologically appealing, the active sites are usually 
extremely sensitive to redox potential as well as small molecule inhibitors such as 
oxygen and carbon monoxide.3-5 Under anaerobic but oxidizing conditions, most 
[NiFe]-hydrogenases are slowly inactivated to the Ni-B or “ready” state, a state 
that reactivates in seconds to minutes upon return to reducing conditions. In the 
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presence of oxygen, [NiFe]-hydrogenases are nearly instantaneously deactivated 
to form two inactive states: Ni-B and Ni-A. The Ni-A or “unready” state is the 
predominant species formed under aerobic conditions, and its name comes from 
the fact that it requires prolonged reactivation for minutes or hours at reducing 
potentials to regain activity.  
An oxygen-tolerant subgroup of [NiFe]-hydrogenases that can maintain 
some hydrogen oxidation activity for extended periods of time in the presence of 
oxygen has been characterized. This group includes the membrane-bound 
enzymes from Ralstonia eutropha (ReMBH),6,7 Aquifex aeolicus (AaMBH),8,9 
Escherichia coli (EcHyd1),10,11 and Hydrogenovibrio marinus (HmMBH). These 
hydrogenases are believed to resist oxygen inactivation by forming only the 
“ready” state of the active site in the presence of oxygen and by having a 
relatively high reduction potential for re-activation of the ready state. This 
resistance to formation of Ni-A has been hypothesized to arise from the ability to 
reduce attacking oxygen completely with four electrons and prevent formation of 
any blocking species.8,11-13 Sequence alignments demonstrate that oxygen-
tolerant, membrane bound hydrogenases contain six cysteine residues in the 
environment surrounding the proximal iron sulfur cluster (Figure 1). Two recent 
crystal structures have revealed an unprecedented [4Fe-3S] cluster proximal to the 
active site, and it has been suggested that this cluster is stable in the 3+, 2+ and 1+ 
oxidation states under physiological conditions.9,14-16 This unique ability to 
undergo a two-electron transformation may be key to quickly and simultaneously 
providing multiple electrons to the active site and preventing formation of the 
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“unready” state.  However, independent evidence is also mounting that the 
electronic coupling between the proximal cluster and the active site may be a 
crucial factor in controlling both catalytic bias and reactions with oxygen.17 
Exchange of a non-metal coordinating valine (74), between the active site and the 
proximal cluster to a cysteine in the Desulfovibrio fructosovorans (DfH2ase) 
enzyme, created a more oxygen tolerant enzyme although the reduction potentials 
of the proximal cluster were unaffected.18  
Hydrogenases are of technological interest not just for hydrogen oxidation 
in fuel cells but also for hydrogen production applications.19-23 Although [NiFe]-
hydrogenases are phylogenetically divided into four distinct groups, the majority 
of investigations have utilized membrane-bound enzymes from group 1, enzymes 
typically characterized by relatively low proton reduction activity. On the other 
hand, group 3 [NiFe]-hydrogenases, soluble enzymes, sometimes referred to as 
bidirectional, may, in some cases, have appreciable proton reduction activity and 
have been utilized in several proof of principle experiments for hydrogen 
production applications.24-27 Some, such as the soluble [NiFe]-hydogenases (SH) 
of R. eutropha (ReSH) and the hydrogenase I from Pyrococcus furiosus (PfSHI), 
also maintain activity for extended periods in solution assays in the presence of 
oxygen suggesting that they should also be described as “oxygen-tolerant”. 
However, as shown in the sequence alignment in Figure 1, these bidirectional 
enzymes do not possess the additional cysteine residues near the proximal cluster 
that have come to be the hallmark of oxygen tolerance. This makes it unlikely that 
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they have a modified proximal [FeS] cluster and brings to the fore the question of 
how oxygen tolerance is achieved in these soluble enzymes.   
Protein film electrochemistry (PFE), a technique in which a redox protein 
is functionally adsorbed to an electrode and electron transfer reactions can be 
observed without a chemical mediator, has proven invaluable in the study of 
inactivation/ reactivation of group 1, uptake MBHs.3,5,28-31 The main advantage of 
PFE over solution assays is that the need for mediators, redox active molecules 
that themselves usually react with oxygen, can be eliminated, and the catalytic 
activity at precisely defined electrochemical potential and solution conditions can 
be directly monitored as current. Nonetheless, the reactions of an oxygen-tolerant, 
SH have not been characterized using this technique. In this paper, we describe 
the first investigation via PFE of an oxygen-tolerant, soluble, group 3 [NiFe]-
hydrogenase, PfSHI. We show that, unlike oxygen-tolerant uptake [NiFe]-
hydrogenases that inactivate to form a single state, PfSHI reacts with oxygen to 
form two distinct states that reactivate at different potentials. This is the first 
demonstration that oxygen tolerance and formation of a single inactive state are 
not mutually inclusive. The electrochemical properties of PfSHI are compared to 
both oxygen-tolerant MBHs and the oxygen sensitive SH from the 
cyanobacterium Synechocystis sp. PCC6803 (referred to as HoxEFUYH), and 
possible mechanisms for oxygen tolerance in SHs are considered.  
 
 
 
101 
Material and Methods 
The purification of the enzyme was performed as previously described 
in.32 Protein film electrochemistry was performed in an anaerobic glovebox as 
described in ref. 24  All chemicals were of the highest grade commercially 
available and were used without further purification.  Solutions for 
electrochemical experiments were prepared using purified water (resistivity 
18.2 MW cm-1).  The mixed buffer consisted of 15 mM each of 4-(2-
hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES), 2-[N’-cyclohexyl-
amino]ethane-sulfonic acid  (CHES), 2-[N’-morpholino]ethane-sulfonic acid  
(MES), N’-tris[hydroxymethyl] methyl-3-amino-propane-sulfonic acid  (TAPS), 
and sodium acetate with 0.1 M NaCl as supporting electrolyte (HEPES, MES, 
CHES, TAPS, and sodium acetate from Sigma and USB, NaCl from VWR).  
Solutions were adjusted to the desired experimental pH with either NaOH or HCl.  
The experimental pH and temperature for each experiment are indicated in the 
figure legend.  Gas mixtures were purchased from Praxair and used as received.  
Enzyme films were prepared by first abrading the graphite surface with fine 
emery paper (Norton, P500J) followed by briefly polishing the electrode with a 1 
µm aqueous alumina (Buehler) slurry and thorough sonication in water with 
rinsing.  The electrode was then inserted into a cell containing dilute (0.1-1 mM) 
enzyme solution and cycled between the potentials +197 and -603 mV at a scan 
rate of 10 mV/s under N2. Film stability and growth was monitored by increasing 
H2 oxidation current, appearing as a peak in the scans. The electrochemical data 
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were analyzed with SOAS, an electrochemical program freely available for 
download on the web at http://bip.cnrs-mrs.fr/bip06/software.html.33  
Modeling of Figure 4 
To investigate the thermodynamics of reactivation of the inactive state 
produced after oxygen injection, the experiment depicted in Figure 4A was 
repeated utilizing a range of different potentials for the reactivation step. The 
extent of reactivation was then quantified as the ratio of the oxidation current 
from the second oxidizing jump to the oxidation current immediately before the 
injection of oxygen (i2/i1 as labeled in Figure 4A). The data were then normalized 
so that the experiment with the highest extent of reactivation is 1 (i.e. all values 
were divided by the extent of reactivation of this experiment). That normalized 
data set is shown in Figure 4B. 
Due to the oxygen-tolerance of PfSHI, even at the highest reactivation 
potentials, some hydrogen oxidation activity remained. To facilitate fitting the 
data to a linear combination of Nernstian processes, the data set was normalized 
into the range 0-1, i.e. lowest value is zero and highest value is 1, according to the 
following formula: 
        
 
 
in which NV is the normalized value for extent of reactivation, V is the extent of 
reactivation, Vmin is the minimum measured extent of reactivation (at high 
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potentials) and Vmax is the maximum measured extent of reactivation (at low 
potentials).  
The data was then fit as a linear combination of two, one-electron Nernstian 
processes according to the following equation: 
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in which PfSHIlow is the percentage (expressed as a decimal) of the adsorbed 
enzyme present in the low potential reactivating state, PfSHIhigh is the percentage 
(expressed as a decimal) of the adsorbed enzyme present in the high potential 
reactivating state, Elow is the reduction potential of the low potential reactivating 
state, Ehigh is the reduction potential of the high potential reactivating state, n is 
the number of electrons in the redox process and was fixed at 1, F is the Faraday 
constant, R is the ideal gas constant, and T is the temperature in Kelvin. In this 
model, there are four variable parameters, the percent of enzyme in each state and 
the reduction potentials of the two states. However, since we have normalized the 
data set in the range 0-1, we have implicitly assumed that the percentage of 
enzyme in each of the two states must sum to 1 so that these two variables are not 
independent, and the data was fit using only three variables. The best fit is for 
reduction potentials of -66 mV and -439 mV with 33% and 67% in each state, 
respectively. 
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Results 
P. furiosus is a hyperthermophilic, strictly anaerobic archaeon that grows 
optimally at 100 oC by fermentation of carbohydrates.34 It contains three [NiFe]-
hydrogenases: two soluble group 3 enzymes (SHI and SHII) and a group 4 H2-
evolving MBH.35-37 SHI is a heterotetrameric enzyme that contains within its 
a-subunit the [NiFe] binding site and within the d subunit a chain of three [4Fe4S] 
clusters. It is proposed in vivo to oxidize the hydrogen produced by the H+ 
reducing MBH.38,39  
It was found that PfSHI can be adsorbed to a pyrolytic graphite electrode 
and proton reduction is observed as a negative current, while in the presence of 
hydrogen, hydrogen oxidation is observed as a positive current (Fig. 2 shows a 
cyclic voltammogram demonstrating these activities.). Catalytic activity is only 
observed when the enzyme is adsorbed to the electrode surface, i.e. no catalytic 
signals are present when a clean graphite electrode is used. Additionally, catalytic 
current does not require that enzyme be present in the experimental solution 
demonstrating that the enzyme is adsorbed to the electrode surface. 
The chronoamperogram in Figure 3 shows the impact of oxygen on 
hydrogen oxidation catalysis by PfSHI. For the first 2400 s of the experiment, the 
electrochemical potential was held at +147 mV, a potential at which hydrogen 
oxidation occurs, and hydrogen oxidation activity was monitored as positive 
current. At the time points indicated by arrows, air-saturated buffer was 
introduced into the experiment to the final oxygen concentrations indicated. 
Remarkably, after the addition of oxygen, the catalytic current did not drop to 
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zero, i.e. the enzyme retained some activity. After injection of the air-saturated 
buffer, the oxygen was allowed to diffuse out of the electrochemical cell. During 
this phase of the experiment, the enzyme spontaneously regained some of its 
catalytic activity although a reductive potential was not applied. This process 
could then be repeated with higher concentrations of oxygen, and the same 
phenomenon observed. At 2400 s, the potential of the electrode was dropped to -
563 mV for 180 s to reactivate the enzyme. When the potential was then returned 
to +147 mV, return of the hydrogen oxidation activity to its pre-oxygen exposure 
rate was observed. This indicates that oxygen-inactivated PfSHI can be 
reactivated under reducing conditions in less than 180 s and that the traditional 
“unready” state is not formed. Furthermore, it may be interesting to note here that 
the physiological temperature for this enzyme is 100 °C, approximately 75 °C 
higher than the experimental temperature. Thus it is likely that in vivo this 
reactivation is nearly instantaneous. 
The high potential reactivation occurring in Figure 3 was fitted with a 
simple exponential equation suggesting that, even over long time scales, complete 
reactivation of the enzyme does not occur without the application of reducing 
potentials. One interpretation of these data is that two different, non-
interconverting inactive states are formed: one that spontaneously reactivates 
while the other requires more reducing potentials to reactivate. To explore this 
hypothesis, we devised the experiment shown in Figure 4 to define the potential 
dependence of reactivation. A series of experiments similar to that shown in 
Figure 3 was performed in which each experiment was the same except that the 
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potential used to reactivate the enzyme was varied. The extent of reactivation was 
quantified as the ratio of the current after the low potential reactivation step to the 
current immediately preceding the injection of oxygen. This quantity is shown as 
a function of the reactivation potential in Figure 4B. 
In Figure 4a, the inactivation of PfSHI by oxygen is more complete, and 
less spontaneous reactivation is observed than in Figure 3. These changes are 
attributable to the slightly higher oxidation potential (197 mV vs. 147 mV), the 
higher pH (pH 8.0 vs 6.4) and the lower partial pressure of hydrogen (5% vs. 
100%) used in the experiments of Figure 4. For oxygen-sensitive, uptake MBHs, 
these conditions favor formation of unready states.5 By analogy, the conditions 
have been chosen to facilitate characterization of the low potential reactivating 
species detected in Figure 3 precisely because such states are not observed for the 
oxygen-tolerant MBHs. The plot of extent of reaction as a function of the 
reducing potential used to reactivate the enzyme shown in Figure 4b clearly 
shows two distinct reactivation processes, each of which depends on reduction 
potential. Two features at the potential extremes are worth noting. First, even at 
the highest reactivation potentials, approximately 25% of the enzyme activity 
remains after exposure to oxygen. This is the manifestation of the oxygen-
tolerance of PfSHI. Second, at the most reducing reactivation potentials, the 
inactive enzyme is reactivated to pre-oxygen exposure levels on a time scale of 
<180 s. This is considerably faster than reactivation of the unready states of 
uptake enzymes but similar to the fast kinetics observed for reactivation of the 
oxygen-sensitive, bidirectional [NiFe]-hydrogenase from Synechocystis 
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(HoxEFUYH).5,24 The data in Figure 4b were normalized and fit to a linear 
combination of two Nernstian one-electron reactions (see supplementary 
information for details) with reduction potentials of -66 mV and -439 mV. The 
higher potential process corresponds to reactivation of 33% of the inactive sample 
and the lower to 67%.    
 
Discussion 
To date, oxygen-tolerant hydrogenases have been defined not only by their 
ability to oxidize hydrogen in the presence of air but also by formation of only a 
single inactive state, Ni-B, also known as Ni-ready.  PfSHI is the first example of 
an oxygen-tolerant [NiFe]-hydrogenase that forms at least two distinct inactive 
states. The first, which is able to reactivate at higher potentials, allows 
spontaneous reactivation while oxidizing hydrogen. The second requires lower 
potentials to reactivate but its reactivation is nonetheless fast. This second state is 
similar to the aerobically-produced state described for HoxEFUYH and [NiFeSe]-
hydrogenases.24,40 Since the EPR characteristics of PfSHI and other SHs are 
different from the better characterized MBHs,38,41 we are loathe to refer to these 
states as Ni-A and Ni-B, EPR-derived designations. Indeed, Lukey and coworkers 
have also advised caution in correlating electrochemically observed states with 
the EPR-spectroscopic ones.11 Additionally, although Ni-A has often been 
equated with the “unready” state, both the inactive states formed by PfSHI are 
quickly reactivated, making ready and unready designations also inappropriate. 
108 
Thus, we will refer to the inactive states formed by PfSHI as Ni-D for the “high-
potential reactivating” and Ni-E for the “low-potential reactivating”.  
Multiple independent studies have now suggested that the ability to 
quickly provide reducing equivalents to the active site may be the key to oxygen-
tolerance.11,18 With this in mind, it is interesting to note that when adsorbed at an 
electrode surface PfSHI, like its close relative, the bidirectional [NiFe]-
hydrogenase HoxEFUYH, is considerably less biased toward hydrogen oxidation 
than the uptake MBHs. This may be a sign that electron transfer towards the 
active site is more efficient in the SHs, and may also explain in part the oxygen-
tolerance of PfSHI. However, the ratio of kcat/Km for oxidation to reduction for 
PfSHI determined from solution assays using NADP(H) as the oxidant (reductant) 
is approximately 37. This suggests physiologically a substantial bias towards 
hydrogen oxidation that is in keeping with the proposed role in hydrogen 
recapture. 
The question of what structural feature is responsible for the oxygen-
tolerance of PfSHI is of the utmost importance, especially given the new 
mechanism proposed by structural analyses of the ‘uptake’ enzymes.14,15 SHs do 
not have a medial [3Fe4S] cluster. Since [4Fe4S] clusters tend to have lower 
equilibrium reduction potentials than [3Fe4S] ones, transfer of electrons from a 
reduced [4Fe4S] cluster to the oxidized [NiFe]-site (transiently formed perhaps by 
attack of oxygen) may be expected to be faster for the SHs. This may be part of 
the answer and would explain why both HoxEFUYH and PfSHI do not form 
“unready” states. Additionally, type 3 SHs tend to have a larger complement of 
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[FeS] clusters than type 1 MBHs as well as the flavin active site in the diaphorase 
subunit. For example, as shown in Figure 5, PfSHI is expected to have five 
[4Fe4S] clusters, a single [2Fe2S] cluster and an FAD. Compared to the three 
[FeS] clusters typically found in MBHs, the redox capacity of an SH is thus quite 
high. This may explain why both HoxEFUYH and PfSHI form inactive states that 
require low potential to reactivate but do not form the “unready” states typical of 
MBHs. More importantly, it could also explain in part why the SHs seem to 
possess far more redox active cofactors than necessary for the two-electron 
physiological reaction.   
Although it is too early to say anything conclusively, any explanation of 
the oxygen tolerance of PfSHI must also explain the oxygen-sensitivity of 
HoxEFUYH. We note that HoxEFUYH is thought to have only a single [4Fe4S] 
cluster in the hydrogenase small subunit whereas PfSHI is believed to have three. 
It is possible that intersubunit distances require larger distances between the [FeS] 
clusters and decrease the rate of electron transfer in HoxEFUYH resulting in 
oxygen-sensitivity. It is likely that variations in the type and number of redox 
active cofactors alone are not the only determinant of oxygen-tolerance in PfSHI. 
Instead, we hypothesize that PfSHI and HoxEFUYH likely both form analogous 
inactive Ni-D and Ni-E states, but some feature in the protein primary sequence 
controls the relative proportions of the two that are formed. By comparing Figures 
2 and 3, we can see that the ratio of the two states formed by PfSHI can be 
controlled by external conditions such as partial pressure of hydrogen. The 
presence of this feature in PfSHI allows a considerable fraction of Ni-D to form 
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even under aerobic conditions whereas HoxEFUYH forms almost exclusively the 
Ni-E state when oxygen is present. In oxygen-tolerant, uptake [NiFe]-
hydrogenases, the additional cysteine residues appear to play this role, and their 
presence facilitates exclusive formation of Ni-B in aerobic conditions. Keeping in 
mind the result of Liebgott and coworkers that introduction of electron-rich 
residues at a position between the active site and the proximal cluster induced 
some oxygen tolerance to an oxygen-sensitive MBH, we note that the primary 
sequence of PfSHI possesses an overabundance of serine residues near the active 
site in comparison to both oxygen-sensitive and oxygen-tolerant enzymes. 
Perhaps these residues increase the coupling between the active site and the 
proximal cluster, simultaneously modifying the EPR characteristics relative to 
other [NiFe]-hydrogenases (resulting in more EPR silent states) and facilitating 
oxygen-tolerance but not exclusive formation of the high-potential reactivating 
state.    
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Figure 3-1: Sequence alignment of the proximal [FeS] cluster binding regions 
of the small subunits of various [NiFe]-hydrogenases.  The proximal cluster 
coordinating cysteine residues and surrounding amino acids are in black bold.  
The extra conserved cysteines found in oxygen tolerant MBHs are highlighted 
with yellow and the corresponding glycines in the other enzymes are highlighted 
with grey. Other abbreviations are DvMF for Desulfovibrio vulgaris Miyazaki F 
MBH, an oxygen-sensitive uptake enzyme; and SynHox for HoxEFUYH from 
Synechocystis sp. PCC6803, an oxygen-sensitive soluble, bidirectional 
hydrogenase.   
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Figure 3-2: Cyclic voltammograms demonstrating electrocatalysis by PfSHI 
adsorbed at a pyrolytic graphite edge electrode. (A) Hydrogen oxidation 
catalytic voltammograms in the presence of 1 atm hydrogen at the pH values 
indicated in the legend. (B) Proton reduction catalytic voltammograms were 
obtained before adding hydrogen to the experiment at the pH values indicated in 
the legend. All experiments were conducted with the same enzyme film so that no 
current corrections have been employed. Scans were initiated at the reductive 
limit and cycled towards the oxidative limit at a scan rate of 10 mV/s, with the 
electrode rotated at 2000 rpm.   
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Figure 3-3: Chronoamperometric trace demonstrating hydrogen oxidation 
by PfSHI in the presence of oxygen.  In sections of the diagram with a white 
background, the electrode potential is +147 mV; in sections with a grey 
background, -563 mV. Air-saturated buffer was added at the points indicated by 
arrows to produce a solution with the oxygen concentration shown. T = 25 oC, 
under 1 atm H2, 75 mM mixed buffer at pH 6.4, rotation rate 3500 rpm. 
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Figure 3-4: Electrochemical evidence that a low potential reactivating state 
forms by the reaction of PfSHI with oxygen. (a) Potential step experiment 
showing the effect of oxygen on hydrogen oxidation activity and reactivation. The 
experiment was performed at 25 oC under 5 % H2 in a 75 mM mixed buffer at pH 
8.0 with an electrode rotation rate of 3000 rpm. Potentials and duration of each 
step are indicated above the figure. At t = 480 s, an aliquot of air-saturated buffer 
was injected into the cell for an initial O2 concentration of 14 µM, as indicated by 
the arrow. The oxygen then spontaneously diffuses out of the cell. (b) Fraction of 
enzyme reactivated after aerobic activation (following the procedure in Panel A) 
as a function of reactivation potential. The fraction reactivated is taken as the 
current obtained in the final oxidative jump (i2) divided by the current obtained 
directly before O2 injection (i1).  Data are normalized such that the most highly 
active sample (after reactivation) is shown as 1. The dotted line shows the best fit 
to the model described in the supplementary information. The fitting parameters 
are reduction potentials of -66 mV aand -439 mV and 33% and 67% of the 
inactive enzyme in each state, respectively.  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Figure 3-5: Schematic depiction of the subunit composition of the 
heterotetrameric PfSHI and the hypothetical cofactors contained in each 
protein component. 
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Abstract 
In this chapter, we describe the affect removal of the NAD(P)-reducing subunits 
has on the activity and O2-tolerance of the soluble hydrogenase from P. furiosus 
by characterizing the hydrogeanse subcomplex (PfSHIH2ase) using protein film 
electrochemistry.  The results are compared to those from the full tetramer 
(PfSHI) presented in Chapter 3. In contrast to PfSHI, which is slightly biased 
towards hydrogen oxidation and O2-tolerant, PfSHIH2ase is more efficient at proton 
reduction and O2-sensitive. The latter property arises from almost exclusive 
formation of an inactive state that requires lower potentials to reactivate. 
Quantification of both the decrease in catalytic bias and the ratio of O2 inactivated 
states formed are presented.  Mechanistic hypotheses for the observed traits are 
considered.   
 
Introduction 
Hydrogen is a central fuel for microbial life and has the potential to be an 
essential part of a carbon-neutral, renewable energy economy due to its clean 
oxidation to water1,2.  Realizing the potential of hydrogen as a fuel for human 
industry is challenging and will require development of non-precious metal 
catalysts for production and utilization as well as a means of storage.  Solutions to 
these challeges have already been developed by Nature in microbes.  For catalysis 
of H2 oxidation or production, Nature uses the enzymes known as hydrogenases, 
of which there are three types depending on the metal composition of the active 
site: [FeFe]-, [NiFe]-, and [Fe]-only.3  While hydrogenases are exceptional 
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catalysts4,5 and have proven useful in many proof of principle fuel cells and 
photobiological production of hydrogen,5-9 their practical use in technological 
applications is hampered by their innate instability outside the cell and their 
sensitivity towards oxygen.  Recent advances in the synthesis of bioinspired and 
biomimemtic catalysts are promising,10,11 but these artificial catalysts still require 
large overpotentials for appreciable activity or have very slow reaction rates.  We 
anticipate that further investigation of hydrogenases will provide additional 
insights for the development of energy efficient catalysts with tuneable activities 
and increased tolerance to inhibitors. 
[NiFe]-hydrogenases are found in both Archaeal and Bacterial species.  
The active site of these enzymes contains a Ni ion coordinated by four cysteinyl 
thiolates, two of these bridge to a Fe ion, the coordination sphere of which is 
completed by two CN and one CO ligands.3  [NiFe]-hydrogenases are usually 
thought of as heterodimers, with a large subunit, housing the buried active site, 
adjacent to a small subunit containing a series of 1 to 3 [FeS] clusters thought to 
mediate electron transport to the enzyme surface.  Compared to [FeFe]-
hydrogenases, [NiFe]-hydrogenases are relatively tolerant to O2.  Exposure 
produces two inactive states, Ni-A and Ni-B, which can be reductively 
reactivated.3,12,13 Ni-A and Ni-B are proposed to be Ni3+ states and to contain 
oxygen species bridging between the Ni and Fe.  They have been observed and 
distinguished from one another via EPR and FTIR spectroscopies.  It has been 
proposed that the determinant of which of these states forms upon exposure to 
oxygen is access to electrons.  A surplus of electrons during O2 attack is believed 
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to facilitate complete reduction to water and produce a hydroxo-bound inactive 
state, i.e. Ni-B.  On the other hand, a relative lack of electrons would lead to 
partial reduction of oxygen and a per(oxo)-bound state that may be more difficult 
to reduce: Ni-A.14,15 A few [NiFe]-hydrogenases are capable of continued 
catalysis in the presence of O2 due to the exclusive formation of Ni-B.  This 
property is believed to be associated with an unusual six cysteine containing motif 
associated with the proximal [4Fe3S] cluster.  This cluster may be capable of 
transferring two electrons to the active site.16-19    
 Based on primary sequence homology, [NiFe]-hydrogenases have been 
phylogenetically divided into four groups.2  The first group is the membrane-
bound [NiFe]-hydrogenases (MBH), informally referred to as “uptake” enzymes 
since they are H2 oxidation catalysts in vivo.  The uptake hydrogenases are the 
best characterized [NiFe]-hydrogenases both structurally and spectroscopically.  
They consist of soluble large and small hydrogenase subunits that associate with a 
membrane-integral redox partner, such as a high potential cytochrome, to 
facilitate transfer of electrons to respiratory processes.  A third group, the soluble 
or bidirectional [NiFe]-hydrogenases, are heteromultimeric enzymes that are 
cytoplasmically located, in which the hydrogenase moiety is directly bound to the 
subunits of its redox partner.  This partner tends to be a NAD(P)-reducing 
diaphorase, itself a multi [FeS] containing enzyme with homologies to Complex I.  
Until recently, [NiFe]-hydrogenases have been almost exclusively defined by the 
characteristics of the uptake enzymes.  This has been especially true in the widely 
125 
held belief that [NiFe]-hydrogenases are not good proton reduction catalyts; a 
dogma that is coming under attack.  
In a testament to the wide-ranging characteristics of the different groups of 
[NiFe]-hydrogenases, we recently demonstrated that, in stark contrast to the group 
1 enzymes, the soluble group 3 [NiFe]-hydrogenase from Synechocystis sp. PCC 
6803 (see also Chapter 2), HoxEFUYH, is biased towards H+ reduction.20  A 
group 4 H2-evolving [NiFe]-hydrogenase from Pyrococcus furiosus was also 
demonstrated in solution assays to be a preferential proton reducing catalyst.21  
The states produced by the inactivation of HoxEFUYH with O2 are also different 
from those observed for uptake enzymes.  FTIR spectroscopic studies 
demonstrated that HoxEFUYH produces a single inactive state upon aerobic 
incubation, termed Ni-B-like; however, no corresponding Ni EPR signal was 
observed.  Electrochemically, this state was also different from either Ni-A or Ni-
B.  It reactivated quickly like Ni-B, but only at potentials below the H2/H+ couple 
like Ni-A.  The most similar species described in the literature is the inactive state 
of [NiFeSe]-hydrogenases produced by exposure to O2.22  Therefore, neither the 
enzymatic bias of the enzyme nor the inactive states of the enzyme upon exposure 
to O2 are solely defined by the metal content and first coordination sphere of the 
active site.  Nonetheless, other structural properties that determine these traits are 
poorly understood.   
Recently, we electrochemically investigated the tetrameric soluble 
hydrogenase I from Pyrococcus furiosus (PfSHI, see also Chapter 3).  We 
demonstrated that PfSHI is slightly biased towards H2 oxidation and is the first O2 
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tolerant enzyme that, when reacted with O2, produces two thermodynamically 
distinct inactive states.  The first, termed Ni-D or Ni-high, spontaneously 
reactivates at high potentials upon removal of O2, akin to the reactivation 
demonstrated by the Ni-B state of O2-tolerant MBH [NiFe]-hydrogenases.  The 
second, termed Ni-E or Ni-low, required reducing conditions for reactivation, but 
reactivates quickly at these potentials, analogous to the inactive state of 
HoxEFUYH and the [NiFeSe]-hydrogenases.  Since the proximal [FeS] cluster of 
PfSHI is coordinated by an ordinary four cysteine motif, the mechanism by which 
this enzyme achieves O2-tolerance is unprecedented.  Hints may come from other 
studies that have indicated that the residues between the active site and the 
proximal cluster can play a role in determining the kinetics of reactivation of the 
O2 inactivated states.23,24  The quaternary structures of SHs and MBHs are quite 
different, and substantial variations exist even among the SHs.  The difference in 
activity and O2 sensitivity may arise from the presence of the diaphorase subunits 
of SHs.  This is a particularly appealing hypothesis to describe O2 sensitivity since 
the additional [FeS] clusters found in SHs might facilitate improved O2 tolerance.  
Recently, a construct for homologous expression of the hydrogenase 
subdimer of PfSHI without the diaphorase subunits in P. furiosus was developed 
(see Figure 1).25 Isolation and purification of this enzyme (denoted PfSHIH2ase) 
yielded an enzyme with similar proton reduction rates using methyl viologen as 
reductant compared to wild type, but, as expected, the enzyme lacks the ability to 
utilize NAD(P)H as an electron donor.  
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In this chapter, we use PFE to compare the electrochemical properties of 
the isolated hydrogenase subcomplex (PfSHIH2ase) directly with the parent 
tetrameric PfSHI.  We demonstrate that while PfSHIH2ase is stable and active on 
the electrode surface, the bias of the enzyme towards H2 oxidation has decreased.  
We also show that removal of the NAD(P)-reducing subunits renders the enzyme 
O2-sensitive due to a decrease in the fraction of the inactive enzyme in the state 
that reactivates at high potentials (Ni-D).  Hypotheses for these phenomenon are 
examined in light of possible alterations in intramolecular electron transfer rates 
and interactions between the many redox active components of the enzyme.   
 
Material and Methods 
 The dimeric hydrogenase subcomplex from SHI was constructed and 
purified as described previously in collaboration with the research group of Prof. 
Mike Adams at the University of Georgia.25 
 All reagents were the highest quality commercially available and were 
used as received without further purification. The water used in all 
electrochemical experiments was metal-ion free Millipore water (resisitivity < 
18.2 MΩ cm-1).  Gas mixtures were purchased from Praxair and used as received.  
The mixed buffer utilized in all of the experiments was 15 mM each of HEPES, 
CHES, MES, TAPS and sodium acetate, with 0.1 M NaCl added as supporting 
electrolyte.  The desired experimental pH value was achieved by titrating with 
concentrated NaOH or HCl. The potentiostat was a PGSTAT128N controlled by 
GPES software.  The electrochemical cell was the same as previously described.20  
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Pyrolytic graphite “edge” (PGE) electrodes  were constructed in-house as 
previously described.20  The reference electrode was Ag/AgCl and all potentials 
are quoted versus SHE using the correction ESHE = EAg/AgCl + 197 mV at 25˚C. 
 Enzyme films were formed by first sanding the PGE tip with fine emery 
paper (Norton, P500J) followed by polishing with an alumina slurry (0.1 µm, 
Buehler) on wet cotton.  Sonication in water for 30-60 s removed debris from the 
deep crevices of the graphite and was followed by brief rinsing with water.  A 
concentrated solution (2 µM) of PfSHIH2ase was pipetted onto the dry tip of the 
electrode and allowed to sit for a few minutes before pipetting off the excess 
solution.  The electrode was then rinsed briefly with water before being attached 
to the rotating shaft and connected to the potentiostat.  Before experimenting, 
each new film was stabilized by cycling electrochemically between +197 mV and 
-563 mV at 10 mV/s in pH 6.4 buffer under N2 until reductive current remained 
constant between scans.  
 
Results 
1. H2 oxidation and production catalysis for PfSHIH2ase 
Figure 2 shows cyclic voltammograms from a film of PfSHIH2ase formed 
by depositing a concentrated solution of PfSHIH2ase directly onto a PGE electrode 
and placing the electrode in a solution of aqueous buffer saturated with a 5% H2 
in N2 gas.  Both H2 oxidation (positive) and H+ reduction (negative) currents are 
visible and increase with increasing driving force, cutting through zero current at 
the potential expected for the H+/H2 couple. No catalytic current was observed in 
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the absence of enzyme. Therefore, PfSHIH2ase adsorbs stably on PGE enabling 
direct electrocatalytic comparison to PfSHI.  At each potential, the current 
obtained is directly proportional to kcat for the enzyme according to the following 
equation: 
€ 
ilim = nFAΓkcat         (1)  
where n is the number of electrons, F is Faraday’s constant, A is the area of the 
electrode surface, and Γ is the surface coverage of active enzyme on the electrode.  
In Figure 2, we used a single enzyme film to collect the voltammograms for all  
three different pH values.  Between scans at each new pH value, the activity was 
recorded in a buffer of pH 6.5 to provide a standard to identify any loss of 
activity.  For the data shown in Fig. 2, no change in activity was detected.  This 
indicated the enzyme is stable on the electrode surface throughout the duration of 
the experiments (data not shown).  For all of the voltammograms, both H2 
oxidation and H+ reduction are evident under 5% H2, and the currents change as 
the pH changes.  H2 oxidation activity increases with increasing pH, and H+ 
reduction activity decreases with increasing pH.  
 To understand the effects imposed on PfSHI by removing the diaphorase 
subunits, we first compared the scans in Figure 2 to voltammograms obtained 
under similar conditions (5% H2 in N2) over a range of pH values for PfSHI.  In 
Figure 3, data from the two enzymes are shown together. While we can not 
assume the surface coverages for both enzyme films are the same, Figure 3 is 
intended as a qualitative guide demonstrating how the catalytic activities of PfSHI 
and PfSHIH2ase differ.  While absolute H+ reduction currents are slightly greater 
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for PfSHIH2ase than PfSHI, H2 oxidation currents for the dimer are approximately 
50% less.   
 Removal of the NAD(P)-reducing subunits may have altered PfSHI in 
many ways, including the H2 binding properties of the enzyme.  To investigate 
whether the change in catalytic bias observed for the dimer arises from a 
decreased affinity for H2 at the active site, we chose to investigate both enzymes 
under saturating H2 conditions (1 atm H2, 0.8 mM) and in the absence of H2 (1 
atm Ar) to obtain maximal currents both for both H2 oxidation and H+ reduction.  
Representative voltammograms are presented in Figure 4 for pH 8.0.  In this 
figure, voltammograms arising from PfSHI are shown again in black, both under 
1 atm H2 (large positive current) and under 1 atm Ar (negative current with 
negligible corresponding positive current, highlighted by the inset to the left of 
the figure).  Voltammograms arising from PfSHIH2ase are overlaid in gray dashed 
for comparison. Under 1 atm H2 the currents obtained for hydrogen oxidation by 
PfSHIH2ase amount to only half the currents obtained for PfSHI, and the H+ 
reduction currents are approximately the same (PfSHI currents are slightly 
greater).  In the absence of hydrogen, both enzymes produce more reductive 
current since product inhibition is alleviated. Thus maximal proton reduction rates 
can be observed. As under 5% hydrogen, the maximal proton reduction currents 
for both enzymes are similar. 
Experiments under 100% hydrogen and 100% Ar were completed over a 
pH range from 5.5 to 8. The currents obtained for PfSHIH2ase are presented as a 
fraction of those obtained for PfSHI for both H+ reduction and H2 oxidation in 
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Table 1.  A very clear trend appears similar to that shown in Figure 4.  Over the 
range of pH values utilized, the fraction of H2 oxidation current for PfSHIH2ase is 
approximately half that from PfSHI. On the other hand, the fraction of H+ 
reduction current is approximately 84%.  Interestingly, we can also consider the 
fact that in solution assays, PfSHIH2ase reduces H+ at rates comparable to PfSHI, 
using methyl viologen as an electron source25.  Activities of 163 U mg-1 and 
145 U mg-1 for PfSHI and PfSHIH2ase, respectively, gives a ratio of activities 
(0.89) for the two enzymes similar to that we obtained electrochemically. This 
hints at the possibility that PfSHIH2ase adsorbs onto PGE to similar coverages as 
PfSHI, although this is merely speculation since coverage for both enzymes is too 
low to quantitate.  Thus, instead of comparing currents from PfSHI to currents 
from PfSHIH2ase it is more insightful to look at the change in the catalytic bias of 
the enzyme as a result of removal of the NAD(P)-reducing subunits since the bias 
should be a coverage independent parameter. 
Using the current values in Table 1, we determined iox/ired , a measure of 
catalytic bias, for each set of experimental conditions. Data are presented in Table 
2. For each pH value, the hydrogen oxidation current at +197 mV under 100% H2 
was divided by the H+ reduction current at -563 mV under Ar.  To quantify the 
biases of the enzymes, under optimal conditions for each reaction, the ratio of 
oxidation activity at high pH to reductive activity at low pH is also presented. 
PfSHI produces larger oxidation than reduction currents over almost the entire pH 
range, and the oxidation current at high pH under H2 is 3 times that of the H+ 
reduction current at low pH under Ar.  Turning to PfSHIH2ase, this bias towards H2 
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oxidation is significantly decreased, resulting in a ratio of only 1.75.  We can also 
consider the bias of the enzyme at each particular pH. Similar to this overall 
result, at each individual pH value, the bias of PfSHIH2ase towards H2 oxidation is 
about 50-60% that of PfSHI. This decrease in the bias of the enzyme over all pH 
values indicates that the activity in one direction changes more than the other 
direction upon removal of the NAD(P)-reducing subunits.  We will return to this 
subject later.     
 
2. Aerobic inactivation of the hydrogenase subcomplex from SHI 
To characterize the impact of removal of the diaphorase on the oxygen-
tolerance of PfSHI, we used potential step experiments to investigate the reaction 
of PfSHIH2ase with O2 under H2 oxidizing conditions.  Figure 5 shows a trace of 
current as a function of time for a representative experiment.  Throughout the 
experiment, 5% hydrogen is bubbled through the solution. After an initial 
reducing poise designed to ensure complete activation of the enzyme film, the 
electrode potential was stepped to an oxidizing value (+197 mV), and a positive 
current directly proportional to kcat for H2 oxidation was observed.  This current 
slowly decayed due to two processes: the reversible anaerobic inactivation of the 
enzyme, usually associated with formation of Ni-B (also known as Ni-Ready),  
and the gradual irreversible loss of active enzyme from the electrode surface (film 
loss).  At 300 s into the step, an aliquot of air-saturated buffer was injected into 
the cell for an O2 concentration of 14 µM.  After the initial injection of air, the 
oxygen concentration in the cell decreases exponentially due to the continued 
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flushing of the cell solution with carrier gas and forced convection caused by the 
fast rotation of the working electrode.  Upon introduction of oxygen, the positive 
current quickly decreases, dropping nearly to zero as inhibition of the enzyme is 
virtually complete.  The electrode was held at this potential for 900 s after 
injection of oxygen and, in stark contrast to the tetrameric PfSHI, during this time 
there was no observable enzyme reactivation.  The electrode potential was then 
stepped down to a reducing potential (-463 mV) to reactivate the enzyme.  Return 
of the potential to +197 mV was used to judge the extent of reactivation.  As 
demonstrated by the level of current obtained in this last step, nearly all of the 
absorbed enzyme was reactivated during the brief excursion to reducing potential. 
To characterize the inactive state or states formed by PfSHIH2ase upon 
exposure to O2, a series of experiments similar to Figure 5 in which the value of 
the reactivation potential was varied was undertaken.  Then, as shown in Figure 6, 
the extent of reactivation as a function of this reducing potential was determined.  
To facilitate comparison to the results obtained for PfSHI, the experiments were 
performed under the same conditions: high pH (8.0), low H2 partial pressure 
(5%), and high potential (+197 mV). To quantify the extent of activity regained 
after the reactivation step, the current obtained 90 s into the final oxidative step 
(to avoid any contribution from capacitive currents) was compared to the current 
obtained directly before the introduction of O2 (i2/i1, as shown in Figure 5).  
Fitting the data shown in Figure 6 to a linear combination of Nernstian processes 
suggests that two distinct redox reactions, each with n = 1 but with different 
reduction potentials, are occuring.  It is also clear that the contributions of the two 
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inactive states to the total enzyme population are unequal.  The higher potential 
reactivation occurs at Ereact = -24 mV and consists of only 10% of the enzyme 
activity.  On the other hand, the remaining 90% of the enzyme activity is restored 
in a lower potential process with Ereact = -428 mV.  This ratio of the two states is 
significantly different from that measured for PfSHI, for which the low potential 
state accounted for 66% of the total enzyme and the high potential state 33%.  
PfSHIH2ase produces a greater fraction of the low potential state which provides a 
thermodynamic basis for the observation that PfSHI spontaneously reactivates 
upon removal of oxygen but PfSHIH2ase does not.  While the fractions of the two 
states differ for the two enzymes, the values obtained for the reactivation 
potentials of these processes compare well; PfSHI had a high Ereact = -66 mV and 
low Ereact = -439 mV.  This suggest removal of the diaphorase subunits may have 
had little effect on the thermodynamic properties of the [NiFe]-active site.  
 
Discussion 
 In this chapter, we investigated the impact of removing the subunits of the 
diaphorase moiety on the catalytic activity and inactivation by oxygen of PfSHI.  
The heterodimeric PfSHIH2ase is still active in both the hydrogen oxidation and 
proton reduction reactions, but the bias towards oxidation is decreased by almost 
a factor of two relative to the full, tetrameric PfSHI.  The maximal H2 oxidation 
activity of PfSHI is 3 times the maximal H+ reduction activity, whereas the 
maximal H2 oxidation activity of PfSHIH2ase is only 1.75 times the maximal H+ 
reduction activity.  Furthermore, as shown in Table 2, the bias of oxidation over 
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reduction is lower at all pH values for PfSHIH2ase.  There are three limiting cases 
that could explain the change in catalytic bias that is observed upon removal of 
the NAD(P)-reducing subunits. First, proton reduction activity may be the same in 
the variant, but hydrogen oxidation rates have been decreased. Second, hydrogen 
oxidation activity may be similar, but proton reduction activity may have been 
increased. Third, both activities may have been slowed, but the impact on 
hydrogen oxidation is more dramatic. Solution assays for proton reduction 
activity suggest that the hydrogenase subdimer and PfSHI have similar rates for 
this reaction. With this in mind, it is likely that the first case explains the change 
in observed electrocatalytic bias. 
Although it is impossible to quantify the electroactive coverage of the 
enzyme, the observation that proton reduction currents for the two adsorbed 
enzymes are similar and solution activities the same suggests that it is not 
unreasonable to assume that electroactive coverages are similar for both enzymes. 
With this assumption, reconsidering the data in Figure 3, which shows reduction 
current for PfSHIH2ase greater than PfSHI under 5% H2, we hypothesize that there 
is greater product inhibition (KIH2) for PfSHI than PfSHIH2aase.  A decrease in KIH2 
for PfSHIH2ase could be due to a decrease in the affinity for H2 or an increase in 
the gas diffusion through the enzyme. Either of these could also be the source of 
the decrease in total H2 oxidation activity under 5% H2.  Although it is 
speculative, an increased rate of gas diffusion in PfSHIH2ase is appealing due to 
removal of a large portion of the enzyme.  Precise determination of the hydrogen 
affinity constants for both enzymes will be the subject of future investigations.   
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 Removal of the NAD(P)-reducing subunits also affects the O2-sensitivity 
of PfSHIH2ase. PfSHI is an O2-tolerant hydrogenase that produces two distinct 
inactive states upon reaction with O2 (see Chapter 3).  One of the inactive forms 
reactivates at high potentials and affords the enzyme the ability to continue 
oxidation of H2 in the presence of O2.  The second inactive state also reactivates 
quickly but only at potentials below the H2 couple.  Here, we have demonstrated 
that removal of the NAD(P)-reducing subunits renders PfSHI O2-sensitive.  
Detailed in Figure 5, after injection of small aliquots of air-saturated buffer, the 
oxidative catalytic current quickly drops to zero, and the enzyme does not recover 
until returned to reducing potentials.  Considering that the intact tetrameric PfSHI 
recovers spontaneously under similar conditions (compare Figure 5 to Figure 4A 
in Chapter 3), the results here indicate that some inactivation/reactivation 
mechanism has been affected by the removal of the diaphorase subunits.  
Characterization of the reactivation of oxygen-inactivated PfSHIH2ase shows that 
the new oxygen-sensitivity results from decreased formation of the inactive form 
of the enzyme that reactivates at high potential.  This means that O2 inactivated 
PfSHIH2ase is more similar to HoxEFUYH from Synechocystis sp. PCC 6803 than 
the wild type PfSHI tetramer.  Relatively little production (10%) of a state that 
can reactivate at high potentials by PfSHIH2ase provides rationale on a 
thermodynamic basis for the absence of reactivation at high potentials after 
oxygen is removed.  Although we can show only slight formation of the high 
potential species, Figure 5 gives us little insight into whether the kinetics of 
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reactivation at this potential have been affected.  Future experiments will continue 
to investigate this question.  
The current hypothesis in the literature to explain O2-tolerance is that the 
quick availability of excess electrons to fully reduce O2 without production of 
inert, partially reduced species creates oxygen-tolerance.  For soluble 
hydrogenases, which in vitro are still attached directly to a large number of low 
potential redox cofactors, the source of electrons could be the chain of [4Fe4S] 
and [2Fe2S] clusters leading from the flavin to the [NiFe] site.  Removal of a 
large portion of the redox chain may yield an enzyme without as many electrons 
available and the increased tendency to form the inactive state that reactivates at 
low potentials may be a direct result. Hindered electron transfer through 
remaining redox components of the enzyme into and out of the active site may 
explain both the increase in O2-sensitivity and the decrease in bias towards 
hydrogen oxidation.  Other studies have demonstrated that residues between the 
proximal cluster and the [NiFe] active site can enhance the rates of reactivity and 
electron transfer due to increased electronic coupling between the two redox 
centers.23,24 For this study, long-range electronic interactions between outer 
clusters and the active site may be playing a similar role.   
In support of this hypothesis, Greco et. al recently published QM/MM 
studies on the [FeFe]-hydrogenase from Desulfovibrio desulfuricans that closely 
reflect our observations with PfSHIH2ase.26 In the study, both the H-cluster active 
site and the two accessory [4Fe4S] clusters leading into the active site, denoted F 
and F´ (medial and distal, respectively), were described by DFT.  Previously, the 
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authors had been able to show that the DHox state had a low lying MO located on 
the diiron subcluster of the H-cluster,27 ideal for H2 binding.  In the present study, 
the authors demonstrated that the lowest lying unoccupied MOs in the system are 
primarily localized on the F´ cluster.  Binding of H2 results in a HOMO localized 
on the diiron subsite of the H-cluster with the same low-lying virtual orbitals on 
the F´ cluster.  Most importantly, H2 binding lowers the HOMO to LUMO energy 
gap from 1.2 eV (in the DHox state) to 0.6 eV in the DHox H2-bound state, which 
allows for one electron oxidation of the HOMO (the H2 at the active site) and 
reduction of the LUMO (F´ cluster) given a suitable polarizing species near the 
exit point of the enzyme (F´ cluster).  In vivo this polarizing species would be the 
oxidized redox partner, whose presence would help in initiating electron transfer 
from H2 to the distal cluster.  We must consider that for the soluble hydrogenases, 
the attached cofactors in the NAD(P)-reducing subunits could very likely be 
making contributions to the lowest-lying virtual orbitals. Removal of these redox 
partners or alteration of the F´cluster (the distal [FeS]-cluster) due to oxidation or 
incomplete formation is likely to increase the HOMO-LUMO energy gap and 
effect H2 oxidation rates. Although we are studying a [NiFe]-hydrogenase, it is 
interesting to consider the possibility that long range coupling of redox active 
cofactors may play determinant roles in the catalytic properties of both types of 
hydrogenases. In fact, it is possible, that such such a mechansim of modulating 
catalytic activity may be employed by a much broader range of [FeS]- containing 
redox enzymes such as the respiratory electron transport complexes.  
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There are several other reported studies of removal/addition of subunits 
from hydrogenases. In an early study intended to define the minimal requirements 
for H2/H+ interconversion,28 the large subunit of the regulatory [NiFe]-
hydrogenase (RH) of Ralstonia eutropha was expressed without the small, [FeS] 
cluster subunit. The enzyme showed partial incorporation of the active site but 
was unable to properly activate H2.  Recently, Sezer and co-workers investigated 
the role of the membrane-integral redox partner HoxZ of the O2-tolerant MBH 
from R. eutropha29. In vivo, HoxZ coordinates two high-potential heme b 
cofactors and is responsible for transferring the electrons derived from H2 to the 
quinone pool in respiration. By immobilization on nanostructured silver, authors 
showed that intact HoxGKZ had enhanced electrocatalytic H2 oxidation activity 
relative to the HoxGK heterodimer. The presence of HoxZ was hypothesized to 
increase the stability of the enzyme on the electrode surface.  Since we have 
shown the relative rates of oxidation and reduction activities are changed by 
removal of the diaphorase subunits, as opposed to both activities being increased 
or decreased, we can likely rule out a stabilizing effect of the diaphorase on the 
electrode as the reason for the observed changes. 
 Lauterbach and coworkers expressed the hydrogenase subcomplex, 
HoxHY, of the heterohexameric (HoxHYFUI2) soluble hydrogenase (SH) from R. 
eutropha (ReSH).30 While the authors did not compare the activities for H2 
oxidation and production of HoxHY and HoxHYFUI2, they found H2-evolution 
activities of 10-12 U mg-1 and H2-oxidation activities of 1-3.75 U mg-1 for 
HoxHY, indicating an enzyme complex biased towards H2 production.  In 
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agreement with the solution assays, the electrochemical currents for HoxHY 
indicated an enzyme with a high activity for H+ reduction (1.2 times that of H2 
oxidation), but noticeably less bias. The authors were unable to directly compare 
activities electrochemically between HoxHY and HoxHYFUI2 since no 
electrochemical data is available for HoxFUYHI2.  
The full heterohexameric ReSH has been demonstrated in solution based 
assays to be O2-tolerant.  The structural basis for this tolerance is unclear since the 
enzyme does not contain the extra cysteine residues near the proximal cluster that 
are thought to result in the O2-tolerance of the MBH from the same organism.  
Earlier reports suggested that ReSH is oxygen-tolerant because of two extra CN 
ligands in the active site,31 but recent in situ spectroscopy has demonstrated the 
active site contains the standard two CN, one CO ligand set found in all [NiFe]-
hydrogenases.32 The authors also used FTIR to demonstrate that oxidation of the 
enzyme by O2 results in formation of only one oxidized state, referred to as Ni-B-
like since the stretching frequencies were similar to those for Ni-B although the 
corresponding Ni EPR signal was not detected.  In comparison to the full ReSH, 
isolation of the hydrogenase subcomplex resulted in an enzyme more susceptible 
to oxidative damage.  Instead of one inactive state, the as-isolated subcomplex 
was purified in a mixture of two states, both EPR-silent.  These states were 
termed Ni-Ox and Ni-Ox2, with Ni-Ox believed to arise from a more highly 
oxidized active site with since the CO and CN stretching frequencies were 
comparable those of the Ni-A inactive state of standard MBHs.  Based on active 
site FTIR frequencies, neither Ni-Ox nor Ni-Ox2 resembled the Ni-B-like state 
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found for the full SH.  Perhaps surprisingly, the impact of removal of the 
diaphorase subunits on PfSHI is quite different.  The full tetramer inactivates to a 
mixture of two states, and the dimer inactivates to two states with similar 
reactivation characteristics. The most noticeable different between the two 
proteins is the relative proportions of the two states formed. At a structural level, 
the main differences between the hydrogenase dimers of ReSH and PfSHI lie in 
the [FeS] subunit.  PfSHI is believed to contain three [FeS]-clusters compared 
with the single [FeS] cluster in ReSH (as well as HoxEFUYH from 
Synechocystis).  On the other hand, ReSH is believed to possess an extra flavin-
binding site.  There is no structural data available for soluble hydrogenases. Thus 
it is impossible to speculate on whether ReSH and PfSHI form inactive states with 
structures similar to one another or to the MBHs. Further spectroscopic and 
crystallographic characterization of SHs will be necessary to address many of 
these open questions.  
Removing the NAD(P)-reducing subunits of PfSHI results in an enzyme 
that, at the quaternary structural level, closely resembles the MBHs,.  Considering 
this, it is intriguing that we observe a shift in the bias away from H2 oxidation, the 
preferential reaction of the uptake enzymes, and towards proton reduction.  One 
explanation could be the remaining differences in the composition of the [FeS] 
clusters of the small subunit.  With the exception of the [NiFeSe]-hydrogenases, 
all uptake MBHs contain a medial [3Fe4S] cluster located between the proximal 
and distal [4Fe4S] clusters, presenting an energetically uphill step in the 
intramolecular electron transfer pathway.  To understand the role played by this 
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cluster in catalysis, Rousset33 and co-workers mutated the non-coordinating 
Proline238 residue to a cysteine in the Desulfovibrio fructosovorans enzyme, 
producing a protein variant with a [4Fe4S] cluster in the medial position.  Despite 
the change of 300 mV in the reduction potential, only a subtle enhancement of 
proton reduction activity and a slight decrease in H2 oxidation activity were 
observed for the mutant relative to the wild type enzyme.  Supporting the 
possibility that this medial cluster helps control enzymatic bias, the [NiFeSe]-
hydrogenases also contain [4Fe4S] clusters at this position and are more active 
towards H+ reduction than other uptake MBHs.22,34 Although PfSHI is biased 
towards H2 oxidation, the bias is much less than for an uptake NiFe hydrogenase 
(typically iox/ired >> 100 for MBHs).   Removal of the NAD(P)-reducing subunits 
could eliminate other structural and electronic reasons for the bias towards H2 
oxidation in PfSHI and enhance the effects of this [4Fe4S], thereby increasing the 
proton reduction activity.  
 At the distal [4Fe4S]-cluster, the ligation of PfSHI is also different from 
uptake MBHs.  Although MBHs possess a cluster-coordinating histidine, PfSHI 
has a standard four cysteine motif for cluster binding.35  Studies have shown that 
the histidine is essential to activity for the uptake MBHs; mutation to a cysteine or 
glycine results in enzyme virtually devoid of activity due to impairments in both 
inter- and intramolecular electron transfer.36 In considering this distal cluster, 
metal analysis of PfSHIH2ase revealed a nickel to iron ratio of 1:10, a 
substoichiometric amount of Fe if one assumes 3 [4Fe4S] clusters plus one Fe at 
the active site (13 Fe total).25 It is possible that oxidation or incomplete formation 
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of the distal [4Fe4S] cluster could be a contributing factor in the activity of 
PfSHIH2ase. 
 Removal of the NAD(P)-reducing subunits has dramatically shifted the 
catalytic bias of PfSHI. Considering that a decrease in the bias for H2 oxidation 
and an increase in the production of the inactive state that reactivates at low 
potentials both result from removing the diaphorase moiety from PfSHI, these 
subunits are perhaps playing a large role in modulating the electronic properties of 
the enzyme, and their removal may result in altered intramolecular electron 
transfer through the remaining [FeS] clusters.  The roles of each of the individual 
subunits in controlling this reactivity will be the subject of continued research.  
The results presented here have great significance not only on hydrogenase 
chemistry, including studies regarding uptake hydrogenases whose in vivo redox 
partners have largely been ignored until recently, but also on bio-mimetic and bio-
inspired H2 oxidation and production catalysts.  The means by which Nature tunes 
the activity of each enzyme for the specific role it plays in vivo may be via the 
addition or removal of specific subunits and redox cofactors, which could also be 
a relevant way in which we can engineer and control activity in designed 
catalysts.  
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Figure 4-1: Illustration of the subunits of the hydrogenase subcomplex from 
PfSHI utilized in this study (bold) and the NAD(P)-reducing subunits (faded) 
that have been genetically removed. 
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Figure 4-2: Cylic voltammograms of PfSHIH2ase immobilized on PGE at 
various pH values in an atmosphere of 5% H2 in N2.  Specific pH values are 
indicated in the Figure.  All three voltammograms were collected on the same 
enzyme film, and no corrections for film loss were employed.  Cyclic 
voltammograms were initiated from the reducing end and cycled towards the 
oxidative end at 10 mV s-1 while the electrode rotated at 3600 rpm.   
 
 
 
 
 
 
 
 
 
 
146 
 
 
Figure 4-3: Cyclic voltammograms illustrating the difference in activities for 
PfSHIH2ase versus PfSHI under 5% H2 in N2 at different pH.  In each panel, 
PfSHI is in black while PfSHIH2ase is in gray dashed.  A single enzyme film 
containing either PfSHI or PfSHIH2ase was used to collect the voltammograms at 
all pH values for either PfSHI or PfSHIH2ase, and the resulting scans were then 
plotted together at each pH for comparison.  Experimental conditions are 
described in the legend of Figure 2. 
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Table 4-1: Comparison of catalytic currents obtained via cyclic voltammetry 
from PfSHI and PfSHIH2ase at three different pH values. 
 
 PfSHI PfSHIH2ase 
 
€ 
imaxPfSHIH2ase imaxPfSHI
 pH imax (red) imax (ox) imax (red) imax (ox) Red Ox 
5.5 -2.84 2.52 -2.16 1.22 0.76 0.48 
6.4 -2.11 5.73 -1.85 2.98 0.88 0.52 
8 -1.35 8.61 -1.17 3.79 0.87 0.44 
 
 
Table 4-2: Comparison of oxidative current as a fraction of reductive current 
for PfSHI and PfSHIH2ase and the maximal currents (maximum oxidative 
current at high pH under Ar over the maximum reductive current at low pH 
under H2). 
 
 PfSHI PfSHIH2ase 
pH iox/ired 
iox(pH 8.0)/ 
ired (pH 5.5) 
iox/ired 
iox(pH 8.0)/ 
ired (pH 5.5) 
5.5 0.89 3.03 0.56 1.75 
6.4 2.71  1.61  
8 6.38  3.23  
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Figure 4-4: Cyclic voltammograms comparing currents obtained for PfSHI 
and PfSHIH2ase under 1 atm H2 and 1 atm Ar at pH 8.0.  PfSHI data are shown 
as a black line and PfSHIH2ase in gray dashed.  Four cyclic voltammograms 
comprise the figure: two from PfSHI and two from PfSHIH2ase. Data under 1 atm 
H2 and 1 atm Ar are presented as indicated by the arrows. The reductive currents 
obtained under Ar are expanded in the inset for clarity.  Other experimental 
conditions are as defined in Figure 2. 
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Figure 4-5: A potential step experiment showing the effect of oxygen on 
hydrogen oxidation activity for PfSHIH2ase and the timescale of reactivation 
after a jump to reducing potentials.   After the reductive current stabilized at 
-563 mV, the potential was stepped to +197 mV.  300 s into the oxidative step, 
air-saturated buffer was injected into the cell for a final concentration of 14 µM 
and subsequently flushed away from the cell by a stream of hydrogen.  After 
monitoring the H2 oxidation activity for an additional 900 s, the potential was 
dropped to -463 mV for 180 s to restore activity.  The potential was then returned 
to +197 mV to observe the effect the reductive step had on hydrogen oxidation 
catalysis. Other experimental conditions: T = 25˚C, pH 8.0 under 5 % H2 in N2 
with the electrode rotating at 3600 rpm.  
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Figure 4-6:  Fraction of PfSHIH2ase hydrogen oxidation activity restored as a 
function of reductive reactivation potential after inactivation by exposure to 
oxygen.  Multiple experiments such as that shown in Figure 5 were performed 
with the potential of reactivation varied in each experiment.  The fraction of 
reactivated enzyme was taken as the current obtained 90 s into the final oxidative 
step (i2) divided by the current directly preceding the injection of O2 (i1).  Values 
were normalized so that the reactivation at the most reducing potential is 
complete, i.e. i2/i1 = 1.  Each square represents an individual data point from a 
single potential step experiment.  The dotted line is a fit to the entire data set 
using a linear combination of two Nernstian equations with n = 1 for each and 
Ereact= -24 mV and Ereact= -428 mV. 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In this dissertation, we have investigated the catalytic and oxygen-
tolerance traits of the soluble hydrogenases for the purpose of understanding 
structure and function relationships in the different groups of [NiFe]-
hydrogenases.  Our central thesis has been that both the cofactor composition and 
global tertiary structure of the group 3 enzymes affects the chemistry at the 
[NiFe]-active site.  
First, in Chapter 2, we introduced the technique of PFE to the 
investigation of soluble [NiFe]-hydrogenases.  Therein, we showed HoxEFUYH, 
the soluble hydrogenase of the model cyanobacterium Synechocystis sp. PCC 
6803, was biased to proton reduction, which differed dramatically from the 
hydrogen-oxidizing membrane-bound hydrogenases studied previously via this 
method.  We also showed that the enzyme inactivated to two separate states upon 
reaction with the inhibitor oxygen.  As opposed to the MBH enzymes, whose 
oxygen-inactive states differ from each other in the kinetics of their reactivation, 
the oxygen-inactive states of HoxEFUYH differ thermodynamically, reactivating 
quickly at two separate reduction potentials.  Due to the quick reactivation of 
HoxEFUYH at low electrode potentials, we demonstrated that the enzyme was 
capable of continuous proton reduction in the presence of 1% oxygen.  
Second, in Chapter 3, we sought to answer the question of whether the 
traits demonstrated for HoxEFUYH were unique to that enzyme, having evolved 
to fit the role Synechocystis needed in vivo, or whether they were characteristic of 
all group 3 [NiFe]-hydrogenases.  We investigated a second soluble hydrogenase 
using PFE, soluble hydrogenase I (PfSHI) from Pyrococcus furiosus.  While the 
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catalytic bias of PfSHI was towards hydrogen oxidation, this bias was slight.  
Also, PfSHI inactivated upon reaction with oxygen to two inactive states.  Both 
inactive states were similar to what we showed for HoxEFUYH in that they 
differed not kinetically but thermodynamically.  Interestingly, PfSHI formed a 
greater fraction of the inactive state that reactivates at high electrode potentials, 
providing active enzyme for oxygen-tolerant hydrogen oxidation.  We also 
showed that this oxygen-tolerance was not due to the structural features proposed 
to be responsible for the same function in the MBH enzymes.   
Finally, in Chapter 4, we sought to ascertain the effects of the NAD(P)-
reducing subunits on the activity and functionality of the soluble hydrogenases.  
To do this, we investigated the isolated hydrogenase dimer of SHI from P. 
furiosus (PfSHIH2ase) and compared it to the results we obtained for the full 
tetramer.  Interestingly, while still biased towards hydrogen oxidation, the extent 
of the bias of PfSHIH2ase was shifted towards proton reduction compared with 
PfSHI, indicating that the adjoining subunits and the cofactors they contain can 
influence the activity of the active site.  Second, upon exposure to oxygen, 
PfSHIH2ase inactivated to two separate inactive states, forming a much greater 
fraction of the inactive state that reactivates exclusively at low electrode 
potentials.  Therefore, unlike PfSHI, PfSHIH2ase is not capable of oxidizing 
hydrogen in the presence of oxygen.  The results presented herein serve as a 
strong platform for the re-evaluation of our current understanding of not only 
hydrogenase structure and function, but also the mechanism of multi-centered, 
complex oxidoreductases.   
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